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Foreword 


OLUME 59 of the Transactions of The American Society of Mechani- 

cal Engineers contains the individual papers published during 1937 
under the sponsorship of the Society’s professional divisions and technical 
committees, including the contributions of the Applied Mechanics Division 
issued originally in a quarterly known as Journal of Applied Mechanics, and 
the 1937 Society Records and Index. The technical papers and reports that 
make up this volume represent the Society’s annual contribution to the per- 
manent record of mechanical-engineering achievement. Most of these papers 
and reports were presented at meetings of the Society and of its professional 
divisions and local sections, and were published in monthly issues, eight being 
distributed as the Trangactions of The American Society of Mechanical Engi- 
neers and four as the Jfurnal of Applied Mechanics. Other papers published 
by the Society but notfincluded in this volume may be located by means of 
the Index on page RI-97 at the end of the volume. 

Because of the fact that material of which this volume is composed was 
originally issued periodfally as Transactions, Journal of Applied Mechanics, 
and Society Records, three sets of page numbers will be found. Numbers 
without letter symbols are those of the eight issues of the Transactions, those 
with letter symbol A preceding the number refer to the pages of the Journal of 
Applied Mechanics, which follow, and those with letter symbol RI to the 
Society Records section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year for 
the convenience of libraries and of engineers who wish all of the papers in per- 
manent form. Cories of the bound Transactions will be found in depositories 
located in selected engineering, university, and public libraries throughout the 
world. A complete list of these depositories will be found on pages RI-93 to 
RI-96 of the Society Records and Index. Copies of the bound Transactions 
have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1937, which form a part of these 
Transactions, are the permanent records of the Society’s activities for the 
year. They include lists of committees, the Constitution, By-Laws, and Rules 
as amended at the Semi-Annual Meeting in Detroit, and memorial notices of 
deceased members. The Index provides a means of locating special A.S.M.E. 
publications, and articles in Jlechanical Engineering, as well as those in the 
Transactions. 
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Piston-Ring Friction in High-Speed Engines 


By LOUIS ILLMER,! CORTLAND, N. Y. 


The author points out that the recent trend toward 
higher rotative speeds in automotive engines has revealed 
an accompanying rise in frictional losses caused by an 
accumulative pressure build-up in the annular pocket 
under the first piston ring. Reference is made to various 
data which can be used to determine with reasonable ac- 
curacy friction losses of a sliding piston ring. These data 
are treated analytically and coordinated to establish cri- 
teria for normal frictional ring drag at different rotative 
speeds and pocket pressures. A primary objective of the 
paper is to evaluate the piston-ring friction of a heavily 
loaded engine running at its highest speed. 


tive engines has revealed an accompanying sharp rise in 

frictional losses. Abnormal piston-ring drag is primarily 
responsible for such losses since piston rings tend to behave in 
a characteristic accumulative or self-loading manner that has 
not been clearly identified. When segregated, this frictional 
drag is found to increase progressively with augmented piston 
speed, and if it were allowed to reach inordinate proportions, the 
optimum mechanical efficiency could not be achieved. 

This aspect assumes particular importance when applied to 
multicylinder engines of comparatively small bore in which the 
ratio of combined cylinder contacting surface of the sealing rings 
to the piston area is unduly large. For instance, when the speed 
of such an engine is raised from 1000 to 4000 rpm, the loss by 
ring friction materially increases the initial ring drag per unit of 
piston area. 

Such peculiar performance evidently is caused by a relatively 
high pressure that builds up accumulatively in the annular pocket 
chamber under the first or breaker ring whenever the piston of a 
four-stroke engine piston is operated in excess of 1000 rpm. Suf- 
ficient test data have become available from scattered sources to 
enable the engineer to determine with reasonable accuracy the 
character of friction that prevails under a sliding piston ring. 
These experimental findings have been treated analytically and 
coordinated to establish a criterion for normal frictional ring drag 
at different rotative speeds and pocket pressures. 


"Tee recent trend toward higher rotative speeds in automo- 


1 Professional Research Engineer. Mem. A.S.M.E. Mr. Illmer 
was graduated from Cornell University with an M.E. degree in 1901. 
He was employed by the De La Vergne Machine Company from 1902 
to 1904 as a designer of Koerting gas engines. In 1904 he developed 
a new type of amplified D.A. two-cycle gas engine, and when the Lane 
and Bodley Company, Cincinnati, Ohio, built the engine he became 
employed with that company, remaining there until 1907. During 
1907 and 1908 he was in charge of the gas power plant of the Penn- 
sylvania American Plate Glass Company and while thus employed 
redesigned and entirely rebuilt Koerting gas engines. Mr. Illmer 
served as gas engineer of the Reading Iron Company from 1909 
to 1913 during which time he was in full charge of the engine de- 
partment of that company, designing and marketing the Illmer gas 
engine. 

Contributed by the Aeronautic Division for presentation at the 
Niagara Falls Meeting of Tue AMERICAN Society or MECHANICAL 
EnaIneErs, held at Niagara Falls, N. Y., September 17-19, 1936. 

Discussion of this paper should be addressed to the Secretary 
A.S.M.E., 29 West 39th Street, and will be accepted until March 
10, 1937, for publication at a later date. Discussion received after 
the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


A primary objective of the present investigation is to evalu- 
ate the piston-ring friction for a heavily loaded engine while run- 
ning at its highest speed. Actual determinations for the result- 
ing pocket pressures are inherently difficult to obtain experimen- 
tally, hence values from tests at lower speeds must be projected 
into such an unexplored region. The equational method herein 
pursued forecasts the expectations under such extreme load condi- 
tions, although such treatment necessarily is speculative to some 
extent. More consistent results in separating internal losses are 
attained when the engine is motor-driven rather than run under 
its own power. 

It will presently be shown that below a certain critical speed, 
the fluid charge entrapped within the first ring pocket closely 
follows the cyclic pressure change that occurs in the combustion 
chamber. The pocket pressure then fluctuates in unison with 
the intermittently applied piston pressure and reaches the maxi- 
mum cylinder pressure. A commensurate momentary peak pres- 
sure under the first or breaker ring is necessary to provide for 
a reasonably tight piston seal. In a four-stroke engine, the 
usual lateral gap or normal groove play of a snugly fitted piston 
ring still affords sufficient port area through which the periodic 
cylinder pressures can be equalized readily, provided the rate of 
repetition is kept below a certain critical value. 

In a four-stroke engine, the low-pressure exhaust and suction 
strokes bring about a more intensive venting of the first ring 
pocket and thus effects a corresponding reduction in the average 
ring thrust against the cylinder wall when running beyond such 
a critical speed. In the case of a two-stroke engine, the cited 
critical speed is lowered to about one half the critical speed of a 
four-stroke engine. When the intermittent cylinder pressure is 
applied in more rapid succession, the pressure in the breaker-ring 
pocket is no longer directly responsive to the full range of cylin- 
der pressure and thus brings about a sustained ring loading be- 
tween pressure applications. 

Piston-ring drag is largely fixed by the mean integrated pres- 
sure maintained behind the respective rings. When such an 
average unit pressure is carried beyond proper limits under any 
one ring, the underlying law of friction is changed and an appro- 
priate friction coefficient must be determined for each different 
circumstance. 

A perfectly tight piston ring operating with substantially no 
leakage or blow-by would involve excessive frictional losses. 
While a relatively small portion of the cylinder charge is usually 
allowed to blow over the rings, the major portion of such blow-by 
should flow successively under the series of rings in labyrinth 
fashion and be trapped within the respective pockets. It is the 
first control ring that is subjected to the most severe duty. The 
remaining rings encounter a commensurate but progressively 
lesser range of pressure fluctuation. In a three-ring system, the 
working fluid entrapped in the last ring pocket is preferably re- 
duced and kept at a comparatively low pressure. The charge 
under the medial ring is likely to be subjected to a fluctuating 
pressure intermediate to which the first and last rings are sub- 
jected. When the first and second rings are side-fitted snugly 
into their grooves, the pressure drop occurring over each of these 
two rings may be taken as approximately equal in head magni- 
tude. 

At slower speeds, the pressure in the first ring pocket may be 
expected to drop to that of the atmosphere when the exhaust 
valve is opened. However, at speeds materially higher than the 
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critical rate of pressure application, the normal ring clearance or 
lateral gap becomes inadequate in vent capacity to release its 
pocket pressure completely. Hence, a fresh charge will be forced 
under the first ring before its previous pocket charge has dispelled 
itself and become entirely dissipated. 

Consequently, an accumulative loading effect is initiated under 
the first ring that may reach a sustained average pressure far 
higher than the mean cycle pressure. A progressive pressure of 
this kind acts to augment the frictional ring drag because the 
fluctuating pressure in the pocket beneath the first ring is upheld 
and no longer drops to the low initial-pressure level which prevails 
under slower running conditions. The discussed accumulative 
pressure is not confined to engine pistons but likewise occurs in 
motor-driven compressors of the high-speed reciprocative type. 

That such building up of ring pressure is actually established 
and assumes vital importance to high-speed-engine designers, may 
be traced by the following procedure. 

It is advisable to first lay down a rough basis for determining 
normal blow-by loss or outward leakage past the piston rings 
that is deemed allowable with increased rotative speed. Piston 
blow-by is found to bear a close relationship to the accumulative 
ring pressure. To this end, reference can be made to some tests 
by H. M. Bramberry? of a six-cylinder 3'!/, X 5-in. four-stroke 
engine, in which the discharged leakage was measured in a cooled 
state through a suitable gas meter. The blow-by varies with 
the mean cycle pressure acting behind the piston and, while not 
definitely reported, its estimated value has been taken at 35 Ib 
per sq in. The following equation is based upon medial-test 
determinations for such an engine and is deduced on the assump- 
tion that the anticipated blow-by increases with the square of 
the cylinder bore. Thus 


D2 
B= V/ (NPeyc), approximately ......... (1) 


where B = typical piston blow-by per cylinder for a four-cycle 
engine, cu in. per min; D, = cylinder diameter, in.; N = speed, 
rpm; and P.ye = basic mean pressure prevailing behind the pis- 
ton as taken over one entire cyclic period, lb per sq in. 

Other data have been checked against Equation [1] with fair 
corroboration. Piston blow-by changes with ring-fit, lubrication, 
and bore conditions; hence its actual value is likely to range 
rather widely between B/2 and 2B, although modern practice 
strives to hold such loss within restricted limits. Tests conducted 
by R. R. Teetor and H. M. Bramberry® show the blow-by expec- 
tation under different engine loads. When Equation [1] is di- 
vided by N to ascertain the blow-by per stroke, this varies as 
1/\/N and reveals a reduced unit leakage with increased running 
speed. 

For a four-stroke engine, an empirical value for the factor Peye 
may be taken as 


where mep = indicated mean effective pressure of the engine 
card, lb per sq in.; Poom = 32(R — 1.7), approximately = maxi- 
mum compression pressure in a four-stroke engine, Ib per sq in., 
gage; and R = ratio of compression when ranging between 3 to 
8. 

The equation factor '/, allows for the two idle strokes, while 


2 “Pistons and Oil-Trapping Rings for Maintaining an Oil Seal," 
by H. M. Bramberry, Transactions, Society of Automotive Engineers, 
vol. 23, 1928, p. 418. 

3 “‘Piston Ring Progress,’ by R. R. Teetor and H. M. Bramberry, 
Transactions, Society of Automotive Engineers, vol. 27, 1932, p. 323. 


Poom/4 takes account of the mean compression pressure when 
limited to a four-stroke explosive engine. 

B. T. Robinson and A. R. Ford‘ succeeded in measuring the 
ring-pocket pressure for a 6'/; X 11-in. engine while running up 
to 290 rpm under full-load conditions. These slow-speed deter- 
minations were made by maintaining counterbalanced pressures 
upon opposite sides of a small differential disk. When using a side 
fit or clearance gap of 0.002 in., the first or breaker ring was found 
to follow the changing cylinder pressure closely. The mean pres- 
sure under the second ring dropped to about one half that in the 
pocket under the first ring, while the third ring showed an abnor- 
mally high cyclic-pressure behavior, quite similar to that prevail- 
ing in the second ring pocket. 

When testing a worn piston ring with a 0.010-in. gap, the second 
ring revealed a raised pressure fluctuation almost identical with 
that prevailing in the pocket under the first ring. Had these 
worn rings been fitted more closely, the pressure in the pocket 
under the third ring might have been reduced to a much lower 
value. However, this evidence clearly establishes a mean-pres- 
sure expectation under the first ring that is substantially equal 
to Peyc, provided the speed conditions are not allowed to induce 
a progressive building up of such a base pressure. 

This test further demonstrates that the use of loosely fitted pis- 
ton rings materially increases the mean pressure under the second 
and third rings. This leads to a correspondingly higher frictional 
drag. The inherent tendency to raise all of the ring pockets to a 
common pressure level, makes it apparent that piston-ring fric- 
tion is likely to become magnified after the master ring has been 
subjected to excessive groove wear. 

Current practice in lateral fits for a concentric snap ring into a 
piston groove, may be taken as follows: 


W = about D,/25 for passenger car engines...... [3] 
W = about D,/20 for truck and bus engines....... (3a ] 
G = about »/W/300 to [5] 


where W = width of piston-ring groove, in.; 7 = radial thick- 
ness for a concentric cast-iron snap ring, in.; and G = normal 
groove gap or side-fit allowance for a compression ring, in. 

The prescribed thickness 7' corresponds to an initial expansive 
tension P» of about 3'/; to 4 lb per sq in. of bore contacting sur- 
face. The stipulated side fit G still allows for a correspondingly 
small lateral movement of the ring within the groove confines 
since a certain amount of such play is needed to charge properly 
the underlying pocket against undue ring leakage. The use of 
but two compression rings in separate grooves is not unusual in 
present-day high-speed automotive and airplane engines. In 
order to reduce piston drag to a minimum under heavy engine 
loads, the ring width W is generally held to '/, in. even for bore 
sizes up to 6 in. and over, but such an extremely narrow snap ring 
is intrinsically frail. 

Referring now to the character of friction coefficient that 
applies to a flat piston-ring surface, this is found to be of a rather 
low order because the rubbing surface of a heavily loaded ring 
when subjected to a high pocket gas pressure is not adequately 
sustained by an unbroken film in the manner of a perfectly oil- 
borne journal. 

For purposes of comparison, reference is made to an earlier 
analytical survey® made by the author on unbroken film lubrica- 


“An Investigation of Piston Ring Groove Pressures,” by B. T. 
Robinson and A. R. Ford, Diesel Power, vol. 12, October, 1934, p. 
548. 

5 “Friction Coefficient Research,”’ by L. Illmer, Society of Auto- 
motive Engineers Journal, vol. 26, January, 1930, p. 67. 
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tion in rotating journals and for which the frictional resistaner 
depends primarily upon fluid shear. As applied to present needs, 
the results of such research may be summarized by the formula 


where f = normal coefficient of friction for an unbroken oil film 

C, = type constant which is equal to about 2 for flat sur- 
faces running on relatively long guideways 

C, = circumstance constant the numerical value of which 
is never less than unity even under flooded lubrica- 
tion, and which constant is dependent upon the 
rate of oil supply, workmanship and similar oper- 
ating conditions 

P, = about Pry. + Po = integrated or mean ring pressure 
acting radially against the cylinder, lb per sq in. 
of bore contacting surface 

Po) = initial:snap tension of an expansible piston ring, Ib 
per sq in. 

n = pressure exponent, the maximum for which may reach 
unity for rotating journals under most favorable 
lubrication and radial-fit conditions 

uw = absolute viscosity of the lubricant in poises, cgs units 

V = mean rubbing velocity of the piston ring or piston 
speed fpm 


Certain constants for Equation [6] may be evaluated from the 
piston-ring tests reported by T. E. Stanton for a very low rubbing 
velocity. These determinations were obtained from tests con- 
ducted with special apparatus comprising a pair of interconnected 
pistons which were slowly reciprocated by a heavy pendulum. 
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Fie. 1 Piston-Rin@ Basep on STANTON’sS TESTS 


(Values of {Pr used in plotting the curve are found by Equation [7] with 
uw = 1/3, approximately.) 


The retardation rate of its oscillatory movement served to define 
the piston drag while a known air pressure ranging from 15 to 
90 Ib was maintained behind the several rings. Fig. 1 shows the 
results of the Stanton tests as developed for present purposes. 
Taking the mean piston speed at V = 10 fpm the expression for 
the unit drag, representative of these findings at an oil tempera- 
ture of 212 P, is 


V (uV*") 

Pf = P, 3.1(P)”" approximately......... (7) 
A significant deduction lies in fixing upon the exponent n at 
*/s;. As based upon Equation [6], the numerical value of C,C; 
becomes equal to 9.1. The resulting high circumstance constant 
C; of about 4.5 may be ascribed to a lack of uniform oil distribu- 


* See abstract in Automotive Industries. Feb. 1, 1925, p. 276. 
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tion around the entire cylinder bore. For faster piston speeds, 
the increased oil splash facilitates lubrication and hence would 
make for a better showing of the C; factor. 

More enlightening piston-ring tests have been reported by R. L. 
Streeter and L. C. Lichty’ in which a White truck engine was 
used. By successively motor-driving this four-cylinder engine 
after individually removing certain of its elements in accordance 
with G. B. Carson’s method, the proportionate frictional loss 
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Unit Ring Drag fP-- Lb per SqIn. Eq [9] 
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2000 


Fic. 2. CumvuLaTive Piston-Rine Basep Upon TEsTs OF A 
Waite Truck ENGINE 


corresponding to each such element may be evaluated. As an 
inherent limitation, this method is confined to light-load running 
conditions in which the factor Peye of Equation [1] remains at a 
relatively low value. 

If this 4!/, X 5/,-in. four-stroke engine had a compression ratio 
R = 4.3 and were running at 1600 rpm, it would have a rated 
power of about 54 bhp at 81 lb per sq in. brake mep. With the 
throttle wide open, the gross internal or friction-horsepower loss 
of such a four-cylinder engine when motor-driven, may be fixed 
at 


fhp = 5.7 (N/1000)""*............ [3] 


Other nonfiring, motor-driven tests* show the same characteristic 
rise in frictional losses with increased speed. In the case of the 
White truck engine running at a jacket-water temperature of 
180 F, the losses in the several rings have been broken down and 
separately appraised. The loss due to the first compression ring, 
to the second compression ring, and to the scraper ring and piston 
thrust is 44, 34, and 22 per cent, respectively, of the total ring- 
friction loss. The sum of these losses amounts to about 27 
per cent of the gross friction horsepower as given by Equation 
[8]. 

In this particular low-speed test, the ratio of the total ring fric- 
tion to the gross friction-horsepower loss remains substantially 
constant, irrespective of normal variations in the jacket-water 
temperature. The given test data is also inconclusive in regard 
to the effect of oil viscosity, which apparently exerts no marked 
influence except at lower running temperatures. 

The present investigation is especially concerned with the be- 
havior of the first or breaker ring. The tests under discussion af- 
ford sufficient data to establish the unit piston drag fP, Ata 


7“TInternal Combustion Engines,” by R. L. Streeter and L. C. 
Lichty, McGraw-Hill Book Company, New York, N. Y., fourth edi- 
tion, 1933, p. 434. 

***Why Oil-Cooler for Engines?” by S. W. Sparrow, Automotive 
Industries, vol. 64, June 13, 1931, p. 916. This paper shows that the 
frictional losses in an eight-cylinder, 3!/2 X 44/s-in. Studebaker engine 
rises at a relatively faster rate when fhp = 6.35 (N/1000)15/s. 
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ring width W = '/,in., or an entire first-ring area of about 13.35 
sq in., such unit-drag values may be found by taking the propor- 
tionate friction-horsepower loss assigned to the first ring and di- 
viding this by its corresponding piston speed. ‘The results are 
shown in Fig. 2. They indicate clearly a striking accumulative 
rise in frictional drag with increased rotative speed. Accord- 
ingly, the ring drag per unit of bore contact area becomes approxi- 
mately 


fP, = [9] 
Assuming a constant viscosity at « = !/, when running hot, the 


accompanying friction coefficient under light-load conditions, may 
be interpolated as 


7.2(P,)** 16(P.)’ 


jy approximately. ..... {10] 


As in Equation [7], the pressure exponent is again appraised 
at n = */;, which value is about the maximum obtainable for a 
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To THE Megan Cycuic PRESSURE IN THE CYLINDER AT VARIOUS 
Spreps or A WHITE TRUCK ENGINE 


flat rubbing surface and implies a substantially unbroken film 
formation while Equation [10] remains operative. In accord- 
ance with Equation [6], C:,C, becomes equal to about 3.9 and 
shows a decided improvement in the circumstance constant. 
In this particular test, the ring rubbing surface was provided with 
an inserted narrow bronze bearing strip of which the beneficial 
effect would probably become more pronounced after the radial 
loading P,, is no longer fully oil-borne. Furthermore, the test 
in question did not extend the upper speed range sufficiently 
to show an anticipated change in frictional behavior that pres- 
ently will be pointed out. 

By substituting the given value for f into Equation [9], the 
following relationship may be deduced which is applicable to 
light-load operating conditions at an appraised value of Prye = 
11 lb: When P, > Pryc, then P, = 1/s(N)""*, or approximately 


Ps + ( 5 11 {11] 


The factor Pye of Equation [11] has been empirically taken on 
a square-root basis. This speed factor has been similarly treated 
in Equation [1]. It will be observed that the radial pressure P, 
between the ring and bore surfaces rises at a relatively fast rate 
with increased speed. For a motor-driven White engine, the 
value of Peye + Po has been estimated at about 15 lb under non- 
firing conditions. Fig. 3 has been drawn from values obtained by 
dividing (P, — Po) by its initial slow-speed value at Pry. = 11 
lb. The resulting quotient may be approximated on a simplified 
straight-line basis, thus 


1.N 
P, = 11 (3 + x) [12] 


The divisor 790 of Equation [12] is found to change for a dif- 
ferent Peye value. ‘The bracketed portion represents the sought 
for build-up factor that is appropriate under light-load conditions, 
and assumes a value of unity when N is approximately 400 rpm. 
Below this speed, the ring-pocket pressure may be expected to re- 
main substantially constant, while above such a critical speed, 
the pocket pressure starts to increase progressively at higher rota- 
tive speeds. Equation [12] has been defined in terms of N since 
the cumulative ring pressure is dependent upon the frequency of 
application rather than piston speed. 

Another promising procedure for studying the building up of 
ring pressure is afforded by motor-driving an engine with and 
without its cylinder heads. Certain tests reported by Austin M. 
Wolf® will now be analyzed to illustrate the results attained by 
this approach. Wolf tested a six-cylinder 3'/, X 4!/2-in. Graham 
engine which was run beyond 3000 rpm. Each piston in this 
engine has two '/;-in. wide compression rings used in combination 
with one */,-in. scraper ring. 

At higher running speeds, the crankshaft bearings are pri- 
marily loaded by inertia of the reciprocating parts. Hence, any 
minor pressure increase due to compression would not materially 
alter the bearing losses. Accordingly, the difference in friction- 
horsepower losses obtained with the heads on and off, affords a 
fairly close measure of increased piston-ring friction, provided a 
suitable deduction is made for the expenditure in pump work 
while the heads are in place. The other internal losses are as- 
sumed to remain substantially identical at any given rotative 
speed. 

The permissible flow drop through the manifold and valves 
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depends in part upon the type of engine and its highest speed. 
For the Graham engine, the rated power has been taken as 65 
bhp at 2600 rpm, and the corresponding pump-work loss is ap- 
praised at 3.3 ihp under full-load conditions. For other speeds, 
this fluid-flow loss has been apportioned in accordance with the 
detailed findings reported for the White truck engine. 

As deduced for the White truck engine, 44 per cent of the total 
piston friction was assigned to the first ring. Because of the 
greater inertia pressure of the reciprocating parts and the resulting 
increased connecting-rod thrust in the higher-speed Graham en- 
gine, approximately 42 per cent of the total piston friction is 
credited to the first ring. The resulting breaker-ring drag is 
disclosed by the solid curve in Fig. 4. For comparison, the fP, 
drag corresponding to Equations [10] and [11] is represented by 
a dashed reference line which shows satisfactory agreement below 
1800 rpm under light-load conditions. It is noteworthy that 
beyond this critical speed, the drag of the first ring in the Graham 


*“A Critical Study of Car Design and Performance,’”’ by A. M. 
Wolf, Society of Automotive Engineers Journal, vol. 34-35, August, 
1934, p. 11. 
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engine ceases to follow the projected equation values but clearly 
exhibits a progressive increase. 

Fig. 5 presents the equivalent friction coefficient determina- 
tions for the Graham engine as based upon Equation [10] at 
Peyo = 15 lb. The plotted friction coefficient undergoes a de- 
cided change in character when the rotative speed exceeds 1800 
rpm and the accumulative pocket-pressure P, reaches a critical 
value of about 40 lb per sq in. beyond which incipient abrasion 
might be expected. 

Such behavior is to be anticipated in accordance with another 
survey reported by the writer."° This was a study of intermedi- 
ate or so-called boundary friction in which the rubbing surfaces 
are no longer separated by an unbroken oil film. In substance, 
these findings may be expressed in the following form as applied 
to a piston ring 


0.6 
2 


where P,, = material constant whose value is about 4500 for 
close-grained cast iron cast-iron rubbing 
surfaces 

H = cooling intensity factor or specific radiating capacity 

of the ring per deg F, ft-lb per min per sq in. of 
ring area in contact with the cylinder bore 

Cy = P,.V’/* = bearing constant for a continuously loaded piston 
ring when running on a ruptured oil-film surface 
without serious abrasion 


1000 2000 3000 
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Fig. 5 Friction Corrricignts From Tests oF a Srx-CyLInDER 
GraHaM ENGINE CoMPARED WITH COEFFICIENTS CALCULATED BY 
Equation [10] 


As long as C9 is held below a certain critical value, the ring-fric- 
tion coefficient may be expected to comply with Equation [10], 
but when C, is allowed to exceed its given value, then the sustain- 
ing oil film breaks down and the law of friction takes another 
course as shown in Fig. 6. From such a critical value onward, 
the friction coefficient no longer drops with P, but follows a dif- 
ferent law, namely 


[14] 


This derived piston-ring value increases rapidly with the ve- 
locity factor for the reason that the accumulative pressure P, 
has herein been incorporated in terms of V. The value of foxc 
now rises with pressure instead of being inversely proportional 
to the pressure as in Equation [10]. It will be evident that a very 
considerable radiating capacity must be provided to properly cool 
a fast-moving ring drag of the given magnitude. As taken upon 
& unit-area basis, such a requirement may be roughly traced by 
the relation 


Ht, = = C.(V/1900) (15] 


where ¢, = mean temperature head available between the ring and 
the cylinder bore for cooling the ring, F. 


10 ‘*High-Pressure Bearing Research,’’ by L. Illmer, Trans. A.8. 
M.E., vol. 46, 1924, p. 883. 


A certain amount of ring wear is encountered whenever Cy 
is run much in excess of its critical base value of say about 5000 
when H = 40. A well-lubricated piston ring then goes over into 
a stage where partial film breakdown has been initiated and some 
abrasion is to be expected. As based upon machine-tool bearing 
practice, excessive abrasion and probable seizing of such a piston 
ring is likely to occur whenever the PV* value exceeds three 
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Fic. 7 Pressure UNDER THE Piston R1nGs oF A 3 X 4-In. ENGINE 
AS CALCULATED BY Equation [11] 


times its critical value or about Co = 15,000 at H = 40, which in 
turn corresponds to the minimum allowable safety factor. 

In a recent test™ of a 3'/, X 4!/,-in. six-cylinder automobile 
engine in which each piston was equipped with three !/,-in. wide 
rings, a constant gas pressure of known value was maintained 
behind each piston while running. The data obtained in this test 
do not permit a close evaluation of the ring coefficient f. As 
interpolated for present purposes, this coefficient at 1200 rpm 
is approximately 0.06 at 20 lb gas pressure and slowly drops to 
0.04 at 120 lb gas pressure, the value of the pressure exponent 
being reduced to about m = '/,. At 1850 rpm, the corresponding 
friction coefficient f still further changes its character into a sub- 
stantially constant value of approximately 0.05 and is evidently 
about to rise in accordance with Equation [14]. However, the 
maximum speed of 1850 rpm is hardly sufficient to bring about 
any marked accumulative rise in ring drag. Taylor! estimates 
his mean friction coefficient with increased gas pressure at about 
0.06; he also points out that such rings do not ride upon a perfect 
oil film and finds the ring drag fP, to increase in a linear relation- 
ship with speed. 

The safe ring pressure must be reduced sharply with increased 
speed. Taking Pcye = 50 lb according to Equation [2], the fore- 
going may be applied to a fully loaded 3 X 4in. engine running 
up to and beyond 3500 rpm. The resulting pernicious rise in 
P,,as based upon Equation [11] is shown in Fig. 7. For compara- 
tive purposes, the light-load pocket pressures acting under the 
first ring are also shown in Fig. 7. This accumulative pocket 


11 ‘The Effect of Gas Pressure on Piston Friction,” by M. P. Tay- 
lor, Society of Automotive Engineers Journal, vol. 38, May, 1936, p. 
200. 
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pressure is shown to impose a decided extra braking action upon 
the engine, particularly under heavy high-speed loads. 

Finally, by taking the bore contact area of the first ring in 
terms of piston area, a simple relationship may be deduced for 
the drag expectations of a loaded four-stroke engine. Thus 


hp of first-ring friction drag 4(fexcP,) 
bhp per cylinder bmep 


where bhp = delivered or brake hp per cylinder of a four-stroke 
engine, bmep = brake mean effective pressure, lb per sq in., 
and K = ratio of the first-ring contact area to the area of the pis- 
ton head. 

When all the rings are fitted snugly in accordance with Equa- 
tion [5], the relative frictional loss ascribable to the several piston 
rings may be deduced from the foregoing equations and observa- 
tions. In the case of a3 X 4-in. engine running at 3500 rpm 
under full load, the distribution of the estimated drag may be ap- 
praised as follows: 

Proportionate loss for the first ring = 1 = 60 per cent of such 
total loss. 

Proportionate loss for the second ring = '/; = 30 per cent of 
total loss. 

Proportionate loss for the third ring = '/, = 10 per cent of 
total loss. 

Thus, 1/12/; or about 60 per cent of the total frictional loss due 
to the piston is credited to the first ring. Considering a ring 
width of 1/, in. fora 3 X 4-in. engine, the frictional loss due to 
the first ring as found by using Equation [16] is 7'/: per cent when 


the brake mean effective pressure is 90 lb per sq in. The corre- 


sponding gross friction loss, including the connecting-rod thrust . 


thereon, becomes equal to 7!/;/0.60 = about 12.5 per cent of the 
rated brake horsepower of the engine when carrying a load of 
11.3 bhp per cylinder. Such wastage of approximately 1.4 hp 
for each piston at P.ye = 50 points to an unduly high power 
dissipation that should offer a fruitful field in which to improve 
engine efficiency further. Corroborative test figures have been 
deduced from the previously cited Wolf report® and Sparrow? 
pertaining to several similar engines running at maximum load. 

Attention is also directed to the ring inertia effect which tends 
to seal the side of the ring and restrict the blow-by from flowing 
through its underlying pocket chamber. Even when the width 
W is reduced to '/; in. the maximum inertia pressure against the 
groove side wall may reach close to 20 lb per sq in. at highest 
speeds, which correspondingly obstructs the venting of a closely 
fitted ring gap G. 

The foregoing analysis is thought to throw some light on the 
described build-up pressure behavior of piston rings and to stress 
the more essential operative factors that need to be considered in 
seeking a rational solution for the underlying lubrication problem. 
While the cited experimental data may not be wholly conclusive, 
the offered treatment presents appropriate guidance on which to 
predetermine piston-ring performance under heavy engine loads 
when running at high speeds. 


12 ‘Recent Developments in Main and Connecting-Rod Bearings,” 
by S. W. Sparrow, Society of Automotive Engineers Journal, vol. 25, 
July, 1924, p. 229. 
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Design and Operating Problems With Gas- 
and Oil-Fired Boilers for Stand-By 


Steam-Electric Stations 


By V. F. ESTCOURT,! SAN FRANCISCO, CALIF. 


The problem of stand-by operation, although not new 
on the Pacific coast, is a comparatively new experience for 
large units operating at pressures above 400 lb and tem- 
peratures above 700 F. With combination gas and fuel-oil 
installations, there are more difficulties to overcome with 
fuel oil than with gas. The paper describes problems in 
the control of flame angle when burning fuel oil and 
developments in high-speed automatic combustion con- 
trol which make possible the acceptance of emergency 
loads from 5 to 90 per cent of turbogenerator capacity 
as fast as the turbine governors can open the control 
valves. Various operating procedures which have been 
developed as a necessary routine to meet stand-by con- 
ditions are also described. The essential requirements 
for stand-by and base-load operation are compared. 
Descriptions are given of actual load-pickup tests on a 
1400-lb, 750-F reheat plant and a 425-lb, 750-F plant, and 
the actual events which take place in the first few seconds 
of an emergency load pickup are analyzed from the stand- 
point of what should be provided for in the design of 
boiler storage capacity, and speed of combustion control. 
Statistics relating to these features are given for four 
plants on the Pacific Coast. 


HE EXTREMELY variable power demands on steam 
"Dawa hydroelectric power plants from one season to another 

have introduced the problem of stand-by operationin to the 
routine of several Pacific-coast plants. Wide fluctuations in 
the steam requirements from year to year are brought about 
largely by seasonal variations in the amount of water storage 
available. During the recent depression years, the general 
falling off in power consumption also had its effect on steam 
plants that would normally be operated on base load, because 
the reduced output made it possible to meet the system require- 
ments almost entirely on hydro, even in seasons which normally 
would have required base-load operation of the steam plants. 
The influx of government hydroelectric power in California 


1 Efficiency Engineer, Pacific Gas and Electric Co., Station A, 
San Francisco. Mem. A.S.M.E. Mr. Estcourt was educated at 
Stanford University in mechanical and electrical engineering. After 
a few years with the Pacific Electric Manufacturing Co. and the Ne- 
vada Consolidated Copper Co., he entered the employ of the Pacific 
Gas and Electric Co., where he was assigned to plant-betterment 
work in connection with its several steam stations. He has also as- 
sisted in the design of some of the new installations, and was directly 
involved in the starting up of the 1400-lb reheat units at Station A 
and the training of the operating personnel. 

Contributed by the Fuels Division and presented at a meeting of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS, held at Niagara 
Falls, N. Y., September 17-19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1937, for publication at a later date. 
Discussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


promises to force the steam plants once again into the un- 
economical conditions of stand-by operation for much longer 
periods than would otherwise have been the case. 

The relation between steam and hydro output for two large 
systems on the Pacific coast for the past five years is presented 
in Table 1. Load-duration curves for the same period are given 
in Fig. 1 for plant A of company No. 1. These statistics are 
intended merely to furnish a general but representative picture 
of the type of operating conditions into which the steam-generat- 


TABLE 1 COMPARISON OF STEAM AND HYDRO GENERATION 
BY TWO TYPICAL UTILITIES ON THE PACIFIC COAST 


Per cent of total gross generation 
Company No. 1 Company No. 2 


Year Steam Hydro Steam Hydro 
1931 29.1 70.9 53.6 46.4 
1932 6.4 93.6 8.6 91.4 
1933 4.2 95.8 12.6 87.4 
1934 9.3 90.7 30.2 69.8 
1935 3.1 96.9 13.5 86.5 
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Fig. 1 Loap-Dvuration Curves ror Puant A or Company No. 1, 
OPERATING aT 1400 LB PER Sq IN. 


ing stations are required to fit. It can be seen from the data 
that the steam plants of both systems have been required to 
operate on a stand-by basis for most of the time subsequent to 
the year 1931, although the year 1934 provided some base-load 
operation. 

For the purposes of this discussion, the term “stand-by opera- 
tion” is intended to apply to that type of service which requires 
the steam plant to operate at or near minimum load, but is pre- 
pared at all times to accept a large percentage of its total capacity 
as fast as the turbine governors will respond to sudden reductions 
in system speed, caused by transmission-line faults or complete 
separation of the steam and hydro systems for any cause what- 
soever. 

Although the problem of stand-by operation has been common 
among steam plants on the Pacific coast for many years, its 
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application to large-capacity units operating at steam tempera- 
tures above 700 F and pressures above 400 lb is a comparatively 
new development. What has been accomplished is the result 
of considerable research and experimentation. The main 
objective has been to make the practically instantaneous ac- 
ceptance of large blocks of load a matter of normal operating 
routine which can be accomplished either semiautomatically 
or fully automatically from a central control board without undue 
reliance upon the human factor and with practically the same 
degree of reliability as can be expected in the case of ordinary 
load changes. 

The investigations which form the basis of this discussion were 
conducted in two different plants, the one designed for a pressure 
of 1400 lb per sq in., with initial and reheat steam temperatures 
of 750 F, and the other for a pressure of 425 lb per sq in. and 
750 F steam temperature. Details of the major equipment in 
these two installations are given in Appendixes 1 and 2. Sec- 
tional elevations of the boilers are shown in Figs. 2 and 3. The 
essential problems in connection with stand-by operation will 
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Fie. 2 SecrionaL ELEVATION OF THE 1400-LB PressURE BOILER 
Usep 1n Loap-Picxup Tests 


first be considered. Representative tests conducted in the above 
plants will be described later. 


Gas Versus Or ror Stanp-By OPERATION 
For stand-by operation, the kind of fuel burned enters very 


TABLE 2 COMPARISON OF GAS AND OIL-FUEL OPERATION 
FOR TWO LARGE ELECTRIC GENERATING STATIONS ON THE 
PACIFIC COAST 


Boiler hours Fuel burned 
per cent of total F sa cent of total 

Year Gas Oil as Oil 

Plant A 
1931 Not available 98.0 2.0 
1932 Not available 93.8 6.2 
1933 86.4 13.6 86.0 14.0 
1934 93.5 6.5 97.0 3.0 
1935 74.4 25.6 74.3 25.7 

Plant B 
1931 98.2 1.8 98.3 1.7 
1932 99.6 0.4 99.5 0.5 
1933 100.0 0.0 100.0 0.0 
1934 99.9 0.1 99.9 0.1 
1935 99.9 0.1 99.9 0.1 
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Fie. 3) SecrionaL ELEVATION or 425-LB PrRessuRE BoILer USED IN 
THE LoAp-Pickup TEstTs 


definitely into the picture. At the two plants under considera- 
tion, the boilers are equipped for burning either natural gas or 
fuel oil. The amount of operation with each kind of fuel is 
given in Table 2. Due to the absence of pumps, heaters, and 
other auxiliaries necessary for burning fuel oil, natural gas is 
much the more desirable of the two fuels. Gas burners do not 
foul in operation, thus eliminating the burner-cleaning problem. 
Natural-gas burners have a slightly wider operating range than 
do oil burners because of the fact that the minimum pressure 
at which they can be operated with safety and proper combus- 
tion corresponds to a lower load than is possible with fuel oil. 
No measurable difference can be observed in the speed of 
response to changes in fuel rates for either gas or oil fuel. The 
limitations with oil fuel are due to the difficulty in maintaining 
the correct flame angle and proper atomization with standard 
oil-burning equipment at low loads. Due to this fact, it becomes 
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necessary, as the load is reduced, to put out some of the burners 
in order to prevent the oil pressure at the burner orifice from 
falling below some predetermined value which has been found 
to be the minimum at which atomization is satisfactory for 
extended periods of time. 

The type of oil burner in successful operation in several central 
stations on the Pacific coast is the so-called “wide-range mechani- 
cal atomizer,” a cross section of which is shown in Fig. 4. 

The oil passes through tangential slots into a small conical 
chamber and thence through the burner orifice at the apex 
of the cone. At the rear of the chamber, that is, at the base 
of the cone, there are a number of holes through which the oil 
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may flow into a return pipe leading back to some point in the 
fuel-oil supply system. By regulating the flow of oil through 
the return line, the pressure at the burner tip, and consequently 
the oil discharge into the furnace, may be varied. This regula- 
tion is accomplished by means of a valve in the return line, the 
supply pressure to the burners being held at some constant 
value, usually around 200 Ib. Due to this fact, the amount of 
oil passing through the tangential slots increases as the tip 
pressure is reduced in this manner, so that there is actually 
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more oil in circulation at low rates of oil discharge into the 
furnace than at high rates. Since the flame angle is a function 
of the velocity of oil flowing through the tangential slots, and 
since the velocity through these slots is a function of the pressure 
drop across them, it can readily be seen that a reduction in 
return-oil pressure, with supply pressure held constant, will 
reduce the oil discharged by the burner, increase the velocity of 
oil flowing through the tangential slots and increase the width 
of flame angle. At very light loads, the flame angle becomes 
objectionably wide and among other things direct impingement 
upon the furnace floor results. If this condition is permitted to 
continue for a number of hours, carbon will accumulate on the 
furnace floor and ultimately cause serious obstruction to the 
path of the flame. 

Thus, for very wide operating ranges, it is desirable to control 
the flame angle to meet the particular conditions. One method 
which has been devised for this purpose is a valve, installed in 
the supply line and controlled automatically by means of the 
differential pressure, between the supply and return lines to 
maintain this differential at some constant value. However, in 
order to meet the requirements of operating simplicity and 
reliability, the arrangement shown in Fig. 5 was considered 
preferable for the installation under discussion. While the 
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initial cost may be slightly higher, from the operator’s view- — 


point it is much simpler, more rugged and inherently more 
flexible. It leaves the fuel supply completely under the control 
of the operator by means of a simple mechanical drive without 
any relief valves, differential-control valves or other automatic 
devices interposed. Such characteristics in the design cannot 
be emphasized too greatly in the interests of the high standard 
of reliability expected of stand-by service. The arrangement 
just described also makes possible the incorporation of any 
desired flame-angle characteristics over the load range by simply 
changing the relationship between the supply and return oil 
valves, this being accomplished by a change in drive-sprocket 
size or adjustment of lever-arm ratios as the case may be. The 
general characteristics are of course obtained by the original 
valve-port design, the final adjustments being made by the 
method just described. 

As a concrete example, the 1400-Ib boilers on which this type 
of oil-burning equipment was installed have a maximum steam- 
generating capacity of 500,000 lb per hr. With the standard 
arrangement for the control of return-oil pressure, the minimum 
steam flow for satisfactory continuous operation with all burners 
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in"service was approximately 130,000 Ib per hr as compared 
with 30,000 lb per hr for gas fuel. However, after redesigning 
the job to conform to the layout in Fig. 5, a minimum load of 
65,000 lb per hr could be carried for indefinite periods of time 
without getting into difficulties with carbon deposits. The 
actual supply and return-oil pressure characteristics for this 
particular installation are shown in Fig. 6. 
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It is entirely possible that still lower loads may be obtainable 
as a result of further experimentation, but the data presented 
herewith represent what has been accomplished in this particular 
plant up to the present time. It should be borne in mind that 
there is no precise method of evaluating the minimum oil pres- 
sures below which satisfactory operation is no longer possible. 
The figures just given are based upon a conservative opinion as 
to what is a satisfactory operating condition in the furnace. It 
is entirely possible to operate the present installation down to 
the same minimum load with all burners in service as is obtain- 
able with gas fuel, but it would not be considered feasible to 
carry these loads indefinitely for the reasons already explained. 


CoMBUSTION AND OTHER CONTROL PROBLEMS 


For base-load plants, the combustion-control equipment has 
a relatively simple job to perform. It is required to operate 
satisfactorily over a load range of from possibly 50 to 100 per 
cent of capacity, to control small load changes at comparatively 
slow rates of speed and to be stable under steady load conditions. 

On the other hand, the stand-by plant throws unusual demands 
upon the combustion-control system. In the first place, it is 
required to perform satisfactorily over a load range of from 
less than 5 per cent to 100 per cent of capacity. It must be 
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capable of controlling small load changes at comparatively slow 
rates of speed, it must be stable during steady load conditions, 
and must be capable of handling at high speed sudden load 
changes of considerable magnitude. Roughly speaking, it 
must be capable of a control speed. from three to five times faster 
than is necessary for base-load operation without sacrificing any 
of the characteristics necessary for the latter type of operation. 

In Fig. 7 is shown an elementary diagram of one type of 
combustion control which has proved successful for stand-by 
operation. It is in use in connection with the 1400-lb installa- 
tion. 

It comprises two distinct systems, one semiautomatic and one 
completely automatic. The semiautomatic system consists of 
a manually operated drum controller mounted on the main 
control panel for each of the three boilers. By rotating this 
controller to the ‘more’ position, a continuous impulse is sent 
to the fuel and fan controls which causes them to open up at 
rates of speed designed to preserve a predetermined relation as 
between air flow and fuel flow. The relation maintained be- 
tween the control speeds of forced-draft and induced-draft fans 
is also such that the furnace draft is balanced at all times. If 
the drum switch is left in the “more” position, the fuel and air 
flow will increase until the fuel, forced-draft and induced-draft 
fan controls are arrested by the position-limit mercoid switches 
a, b, and ¢ respectively. The limits are adjusted so that the 
vanes of the induced-draft fan are wide open, the forced-draft 
vanes are at a position which produces a balanced furnace draft, 
and the fuel valve is at a position which corresponds to approxi- 
mately 10 per cent below the maximum steady-load fuel flow 
that is possible with correct combustion for the existing air flow. 
As soon as the drum switch is returned to the “off’’ position, 
the furnace-draft and steam-flow-air-flow readjusters come into 
operation and make any minor readjustments necessary. 

The arrangement just described was installed shortly after the 
early investigations into stand-by operation were completed 
several years ago. It has proved very satisfactory in perform- 
ing the particular functions for which it was designed. There 
are, however, other operating conditions which need to be con- 
sidered. In the first place, it can be seen from the layout in 
Fig. 8, that all of the steam generated by either reheat boiler 
must return through the convection reheater of the same boiler, 
otherwise unbalanced reheat temperatures may result. There- 
fore, there is a preferred ratio of loading for the three boilers 
which will produce the best reheat characteristics. During 
load changes it is not easy to maintain these ratios without the 
aid of automatic control, and there is also the variable human 
factor. The latter also introduces an unknown element into 
the problem of handling emergency load pickups. It is all 
important that the delay in getting the controls started should 
be a minimum, particularly under certain conditions of opera- 
tion, such as when there is curtailment of normal boiler capacity 
or when burning oil fuel, due to the extra time required to light 
the burners that are out of service at light loads. 

In view of the aforementioned conditions, and also since nearly 
90 per cent of the investment is in the centralization of the fuel 
and fan controls necessary for semiautomatic operation, it was 
considered well worth the slight additional cost to superimpose 
full-automatic control upon the existing semiautomatic system. 
The balance of the scheme shown in Fig. 7 was recently com- 
pleted on two boilers and is now under observation in actual 
operation. Present indications are that it will meet the most 
rigid requirements as to performance and reliability, that it will 
respond to emergency load pickups faster than could be accom- 
plished manually, and will also operate satisfactorily on routine 

load changes as well as maintain perfect stability during extended 
periods of steady load operation. 


Fia, 


4 
« 
8 
P 
: 
fu 
| 
fa 
pt 
ste 
of 
wh 


Since this system possesses a certain measure of originality in 

design and performance, which were called for by the exacting 
nature of the operating requirements, a brief description of its 
principal features will be presented. 

It consists essentially of a ratio controller (embracing the 
selsyn-operated elements C, D, and E shown in Fig. 7) which 
sends impulses to the fans and fuel on the basis of a predetermined 
ratio of turbine steam flow to fuel flow. During sudden load 
changes, a fuel flow in excess of the steady-load requirements is 
needed in order to return the heat liberated from the boiler water 
by means of a reduction in steam pressure and to raise the heat 
level to the higher point corresponding to the higher load. 
This overfueling component of the load increment is added 
through a third link by means of the receiving selsyn D which is 
positioned directly from steam pressure. As the steam pressure 
returns to normal, this component is reduced to zero and the cor- 
rect steady-load ratio is again established. 

Since the control valves for both gas and oil fuel are calibrated 
to give a straight-line relation between fuel-valve position and 
fuel flow, these valves are used as the simplest means of obtaining 
a positioning impulse proportional to fuel flow through the send- 
ing selsyns S-1 and S-2 shown in Fig. 7. If the load change is 
fast enough, the fuel valve will respond with a continuous im- 
pulse until the new ratio between turbine steam flow and fuel 
flow has been reached. Then if the steam pressure continues to 
drop, additional small increments in fuel flow will occur in pro- 
portion to the drop in steam pressure. 

Correct steam pressure is maintained by means of a differen- 
tial-type master steam-pressure controller which loads the 
standard boiler on the basis of steam pressure only. This type 
of controller is limited with respect to the number of impulses 
which can be delivered in a given length of time, the maximum 
being approximately 50 per cent impulses and 50 per cent inter- 
ruptions. Thus the ratio controller brings the reheat boilers to 
their final load position twice as fast as the standard boiler is 
brought to its final position. It was necessary to speed up the 
drives of the fuel and fan controls to two-and-one-half times 
their speed as originally installed. This change combined with 
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the substitution of the high-speed ratio control on the reheat 
boilers made an effective increase of five times the speed of the 
control as originally installed on these two boilers. 

Due to the high speed and the heavy overfueling, it was neces- 
sary to add fuel compensation to the steam-flow-air-flow re- 
adjusting contactors as shown in Fig. 7. This has the effect of 
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preventing the readjusters from reducing the air flow to corre- 
spond with the steam flow until all of the overfueling has been 
removed, thus preventing a deficiency of air. The standard 
type of feedwater temperature compensation is also incorporated 
into the air-flow mechanism, although it is not shown in Fig. 7. 
The exacting requirements of the stand-by plant also bring 
out inherent limitations of other control equipment, such as the 
control of boiler-water level, fuel-oil pressure and temperature. 
However, it is entirely possible to find standard equipment that 
will perform satisfactorily under these conditions. The control 
of fuel-oil temperature for stand-by conditions introduces a 
problem of delay in response that is not encountered in a base- 
load plant. The curve in Fig. 9 shows the variation in this 
delay from minimum to full load. It is caused partly by the 
variation in the quantity of heat absorbed by the heater tubes 
and shell and partly by the variation in oil velocity through 
the heater over the wide range of loads, resulting in a similar 
variation in the time required for the body of oil at the changed 
temperature to reach the temperature bulb of the control. 
Obviously the control cannot 
respond until the change in 
temperature is communicated 
to the bulb. In order to meet 
this condition satisfactorily, it 
is necessary to select a tem- 
perature control which is actu- 
ated by the rate of tempera- 
ture change rather than by 
the amount of difference be- 
tween neutral and actual tem- 
perature. Since there are sev- 
eral standard makes of contro) 
on the market which approxi- 
mate these requirements, a de- 
tailed description of any speci- 
fic type of temperature control 
would not be justified in this 
discussion. 


Sranp-By 
RovTINE 


In order to place stand-by 
operation upon a routine basis, 
certain procedures must be 
established to guarantee re- 
liable performance at all 
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In the first place, an emergency load-pickup schedule must be 
established on the basis of actual tests. These serve as a guide 
for the station operators and also for the load dispatcher, and 
include information as to how much emergency load can be 
picked up instantaneously from various initial loads, both for 
the normal setup of boilers and turbines and also for the various 
conditions where boiler or turbine capacities are curtailed on 
account of outages of major equipment for annual overhauling 
or other causes. In Fig. 10 are given typical emergency load- 
pickup schedules for both oil and gas firing for various operating 
conditions at a 1400-lb plant. Similar schedules for gas firing 
are given in Fig. 11 for a 425-lb plant. Since very little fuel 
oil has been burned in the latter station (see Table 2), no load- 
pickup tests have yet been conducted with fuel oil. 
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In the 1400-lb plant, where the load-pickup schedules given 
in Fig. 10 apply, no load-limiting device is used to restrict the 
turbine governor to the loads given in the schedules. The 
governor is left unrestricted to pick up as much load as system 
speed conditions impose upon the turbine up to the limit of its 
full capacity at existing steam pressures. The schedules merely 
indicate the guaranteed minimum that the turbines will handle 

under the emergency, and include a margin of safety sufficient 
to allow for unforeseen limitations. 

There is another reason for leaving the governor unrestricted 
by a load-limiting device. It has been found that, by permitting 
it to open wide whenever speed conditions impose such a demand, 
the final result is almost always more favorable to the steam 
plant than if the control-valve stroke were restricted. This is 
because the initial load can be carried with the steam liberated 
from boiler-water storage and the result is that, by permitting 
the turbine to swing to its full capacity initially, there will be a 
greater recovery in system frequency than would otherwise have 
been possible, and the net result is usually a lower final load on 
the turbine after the first few moments. If the boilers have 
sufficient water storage, such a load may be accepted and held 


TABLE 3 FOR ROUTINE ON 
BOGENERATORS AT PLA 


General. All load- rae schedules are based on aes the full number 
of burners in use at all times; this also permits normal operation of the 
combustion-control system. In order to maintain these conditions while 
the load on the units is being reduced, it is necessary to allow time for the 
stored heat in the boiler and turbine equipment to be dissipated before 
dropping to minimum load. The amount of heat thus stored varies with 
the load. The following schedule should be considered as the maximum 
rate of dropping load except when unusual conditions require a faster rate. 

Schedule From Full Load: (1) ye to 25,000 kw in steps of 5000 kw 
every 2 min. (2) Wait 10 min, then drop to 15, 000 kw in steps of 5000 kw 
every 2 min. (3) Wait 10 min, then drop to 10, 000 kw. (4) Wait 10 min, 
then drop to 5000 kw. Total time required to drop from full load to 
5000 kw on this schedule is 46 min. 

Schedule From Partial Load. When dropping from some load less than 
full load, follow that part of the schedule which applies. 


for a few moments even though there is insufficient boiler capacity 
to sustain it indefinitely. 

In the process of reducing loads to a minimum, another con- 
dition is encountered which can be met by means of a schedule 
for routine load reductions. Due to the large amount of heat 
stored in the boiler and turbine equipment, it is necessary, during 
the process of lowering the load on the boiler, to reduce the fuel 
rate considerably below the requirements for steady-load con- 
ditions. As minimum load is approached, it becomes necessary 
to cut out burners until steam-pressure conditions permit the 
fuel rate to be brought up to the normal steady-load rate. For 
reasons previously explained, cutting out burners reduces the 
amount of emergency load that may be accepted on account of 
the delay due to lighting up burners. Thus, if an emergency 
load demand were to occur during the time some of the burners 
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were cut out of service, difficulty would be encountered in pick- 
ing up the amount of load specified in the emergency load- 
pickup schedule. It also disrupts the routine of operation. 
Therefore, the schedule for routine load reductions is established 
so that the load is not reduced any faster than can be accom- 
plished with all burners in service. Such a schedule is given in 
Table 3 for the 1400-lb plant. It should be understood that this 
does not prevent the load from being reduced as fast as desired 
if operating conditions require it. However, the schedule 
establishes a routine which may be easily followed and which 
contributes a surprising amount to the ease of handling load 
reductions. 

One other important device is used in several stations on the 
Pacific coast, and is known by various names. It will be here 
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designated as a governor-restraining device. With the large 
number of hydroelectric plants that form the greater part of 
most of the generating systems on the Pacific coast, the system 
speed regulation can be handled most economically at one or 
more of the hydro plants. Therefore, the governor-restraining 
device is in common use in the steam plants for establishing a 
neutral frequency band within which the turbine load is held 
constant. Such a device is shown in Fig. 12 together with a 
characteristic curve of governor regulation modified to show the 
effect of the device when adjusted for a neutral range of plus or 
minus 1 per cent of normal speed. As soon as the speed falls 
one per cent below normal, the ball-and-socket joint is separated 
by the additional pull on the governor beam and the turbine is 
free to pick up whatever load the speed conditions demand. If 
the speed exceeds 1 per cent above normal, then the tension on 
the governor-restraining device is reduced to zero, and a further 
increase in speed causes the governor to reduce the load on the 
machine. With the aid of this device, absolutely steady load 
conditions are maintained for much longer periods of time, with 
resultant benefits in economy and improved operation without 
any detrimental effect upon system operating conditions as a 
whole. 


Loap-Pickup In A 1400-LB PLANT 


Actual load-pickup tests with gas fuel were first conducted at 
the 1400-lb plant on one of the 61,000-kw compound units, the 
general arrangement of which has already been presented in 
Fig. 8. Details of the equipment are given in Appendix 1 and 
a sectional elevation of one of the boilers is shown in Fig. 3. 
At the time of the test, both turbogenerators were in opera- 
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tion and receiving steam from the one standard and two reheat 
boilers. However, the load pickup was handled by one reheat 
and one standard boiler. The load on the other reheat boiler 
and turbine were held constant, although the benefit of the steam- 
storage capacity from all three boilers was obtained. This 
showed up very clearly on the boiler flow-meter chart for the 
reheat boiler which was being held at constant load, a momen- 
tary increment in flow from 75,000 to 235,000 lb per hr being 
recorded although there was no change in the rate of fuel input. 
However, this dropped back to normal very quickly. 

In order to maintain constant frequency during the test, 
arrangements were made in advance with the load dispatcher 
to have one or two of the hydroelectric plants stand in readiness 
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to dump sufficient load to maintain the frequency as close to 
60 cycles as possible. The restraining device, a sketch of which 
has already been presented in Fig. 12, was used to block the 
turbine governor at a steady load of 10,000 kw. The governor- 
synchronizing spring was then run out to the full-load position, 
and at a prearranged signal the ball-and-socket connection at A 
was broken, permitting the governor to open the turbine control 
valves to their wide-open position in 3 or 4 sec. A motion- 
picture record was made of throttle steam pressure, stage pres- 
sures and generator load. These are given in Fig. 13 for the 
first 12 sec of the test. In Fig. 16 are shown the drum and 
throttle pressures, fuel-input rates and generator loads for the 
period of the test. These will be discussed at greater length in 
an analysis to be presented later. 

Superheat and reheat temperatures increased from 725 F to 
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approximately 775 F for a few minutes and then returned to 
about 750 F. It was found that the increase in drum water 
level was only slightly more than that which is characteristic 
of the setting of the three-element water-level control, which is 
adjusted to give approximately 3'/, in. rise in level from mini- 
mum to maximum boiler load. The time required to increase 
the rate of fuel and air flow from minimum to maximum was 
approximately 24 sec. 

During the first few seconds, the high-pressure generator was 
slightly overloaded and the differential pressure between the 
third admission and the ninth stage exceeded the maximum 
allowable value by approximately 2'/; per cent. Both of 
these conditions were of momentary duration and were not 
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detected by observers during the test, although visible in the 
motion pictures. There was no evidence of instability of the 
high-pressure generator in relation to the low-pressure generator. 
The stage pressure curves in Fig. 13 show a definite time 
interval for the steam pressures to build up to their respective 
maximums in the various stages. As will be shown later, an 
appreciable amount of energy is absorbed in building up the 
turbine and extraction-heater system to the new pressure and 
temperature level corresponding to the increased load. 


Loap-Pickurp IN a 425-LB PLANT 


Load-pickup tests with gas fuel were also conducted on one 
of the 110,000-kw units at the 425-lb plant. Details of the 
equipment are given in Appendix 2. A sectional elevation of 
one of the boilers is shown in Fig. 3. Some interesting studies 
were made of the results that could be obtained under several 
different operating setups, and are presented herewith. 

All tests were made from an initial load of approximately 
1500 kw gross. Load was applied by instantaneously raising 
the pilot-valve lever on the turbine-governing mechanism. An 
indicating wattmeter was temporarily located near the governor 
end of the unit so that load could be held constant by manual 
manipulation of the pilot-valve lever if it were desired to do so. 

High-speed clocks were fitted to some of the recording meters 
for obtaining records while other data were read at timed intervals 
by observers. High-speed records were made of steam- and 
feedwater-header pressure in the boiler room, temperature and 
pressure of steam to turbine throttle, and gas flow. 

Although the operators knew at what time the tests were 
to be made, no changes in the normal stand-by setup were 
made except for the use of the high-speed operation of the control 
drives. Also, because of repairs to the fifth-stage heater, it was 
out of service during all tests and, therefore, no steam was being 
extracted at that point. 

The results of the four principal tests are given in Figs. 14 
and 15. Curve 1 shows the performance with three boilers as 
stand-by capacity. With this arrangement 80,000 kw can be 
carried on the main generator and station auxiliaries supplied 
by the house set. However, as the steam pressure drops so low 
and complete recovery is delayed for 15 min it can be concluded 
that this setup leaves no margin for safety. If there should be 
any delay in getting fuel to the boilers or if a fan should fail to 
start, the performance under emergency stand-by would be 
greatly jeopardized. To supply reliable stand-by service, more 
boiler capacity than that provided by three boilers is needed. 
Use of this setup also allows the steam temperature to reach a 
very high level before steam pressure is fully restored. 

Curve 2 shows the same test conditions as curve 1 but with 
four boilers sharing the load instead of three. The resultant 
performance is markedly improved. Time for complete recovery 
is diminished from 15 min to 4 min, and at the same time a 
greater load is carried. The drop in pressure shown on the 
curve after 4 min was due to the firemen cutting back on the 
fires prematurely. 

Curves 1 and 2 were obtained with the main-generator load 
limited to 90,000 kw and with the house set supplying the station 
auxiliaries. Curve 3 shows the results of a test made with 4 
boilers supplying steam and the turbine admission valves wide 
open throughout the test with the house set off. Higher load is 
carried throughout the test period because of the more efficient 
use of the steam available during the first few minutes. This is 
due to the generation of the auxiliary power requirements with 
the main turbine instead of with the house set. 

Calculations as shown in Fig. 17 and Appendix 3, revealed 
the fact that considerable heat left the turbine during the first 
2 min to heat the feedwater in the heaters and piping. It was 


reasoned that, if this heating could be delayed for a few minutes, 
the same heat could be used for generating power and the feed- 
water could be heated later after more steam was available from 
the boilers. Therefore, in an attempt to obtain greater load 
during the initial phase of the pickup period the extraction valves 
were throttled until the gates were within */, in. of the bottom of 
the seats. 

The results of such a scheme are shown on curve 4, Figs. 14 
and 15. It can be seen that more load is picked up during the 
first half minute but that it is soon lost and is not readily in- 
creased afterward. Since such operation is virtually nonextrac- 
tion, the excess steam is not readily condensed and the result is a 
reduction in the vacuum with a consequent loss of load. 

The excessive rise of back pressure is clearly shown by the 
curves in Fig. 15. This might be reduced with the use of two 
circulators instead of the usual one during an emergency pickup, 
but the starting of the other circulator is not reeommended when 
the station auxiliaries are being supplied by the house set. 
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At the minimum load the boilers are operated with natural 
draft. Determination of the minimum time required to bring 
the fans to maximum speed from minimum stand-by position 
gave an average of 24 sec. This is the time from the closing of 
the fan switch and pressing the ‘‘more” button until the drive 
has reached the 100 per cent position. Under test conditions, 
the time required to reach maximum fan speed and maximum 
fuel flow varied from 34 sec to 1 min after the turbine valves 
were opened. 

When full fuel flow is established in 1 min or less, the effect 
of opening the feedwater valves, causing an increased flow of 
water into the boiler and thereby lowering the steam pressure 
somewhat, is minimized. If the boiler commences to take water 
at the time of minimum pressure, the restoration of pressure is 
retarded. For this reason it is well to keep the water level at 
about 5 in. on the gage when on stand-by so that the addition of 
water will not be required immediately. On these tests it was 
found that the water in the boiler would “swell” from an initial 
level of 5 in. to about 15 in. The swell is only momentary as 
the increased flow of steam from the boiler soon lowers the water 
level. 
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In Fig. 17 are shown the drum and throttle pressures, fuel- 
input rates and generator loads for the period of the test. These 
will later be discussed at greater length in connection with the 
same data already presented in Fig. 16 for the tests on the 
1400-lb plant. 

The more important conclusions deduced from these tests 
may be summarized as follows: 


(a) ‘The use of four boilers instead of three greatly improves 
the stability of the station and provides a margin of safety so 
that it is well worth the small additional cost of the fuel neces- 
sary to keep the extra boiler on the line. 

(b) Four boilers can be brought up to maximum rating in 
practically the same time as three and with no addition to the 
boiler-room crew. 

(c) More load can be accepted and held if the extraction 
valves are not throttled. 

(d) More load can be accepted and held if the starting of the 
house set can be delayed without jeopardizing the auxiliary 
power supply. 
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(e) If the emergency is such that the house set must be 
started, 80,000 kw net can be accepted and held; this load can 
be increased to 85,000 kw after 2 min. 

(f) A minimum water level of 5 in. on the gage should be 
maintained at all times when the station is on stand-by. 


EssENTIAL REQUIREMENTS FOR STaNpD-By AND Basg-Loap 
OPERATION COMPARED 


On the Pacific coast, there are at least two large central stations 
designed primarily for base-load operation, which have had to 
operate frequently as stand-by plants. Again, there is the case 
of a plant designed especially for stand-by service which operated 
as a base-load plant from the moment it was cut in on the line 
for a period of approximately one year. Although there were 
very good reasons for planning the design of these plants for the 
type of service mentioned, the facts just brought out serve to 
illustrate the uncertainty involved in any predictions relative to 
load conditions. 

When viewed from the standpoint of control, a plant designed 
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for stand-by operation will also operate more satisfactorily under 
all other conditions than will a plant which is designed purely 
for base load. Therefore, it would appear to be desirable to 
take into consideration in the original design the problem of 
stand-by operation, even though the immediate future appears 
to indicate that nothing but base-load operation will be re- 
quired. In most cases the difference in cost would be relatively 
insignificant. 

The most desirable characteristics for stand-by operation 
might be summarized as follows: 


1 Ease of control over an extremely wide load range. It 
should be possible to increase the load from minimum to maxi- 
mum, or vice-versa, either entirely automatically or at least by 
the manipulation of centralized controls. It is a definite dis- 
advantage if the design is such that burners, pumps, or other 
equipment must be cut in or out of service during the load 
change. It is also desirable to design all automatic or semi- 
automatic control equipment so that it can be relied upon to 
function properly over the entire load range. The controls 
should not be so limited in their application that they will only 
operate satisfactorily within a restricted band of loads. Such 
limitations, particularly in the case of boiler-water level and 
combustion control, result in the necessity of depending too 
much upon human factors for the success of major operations 
that should proceed smoothly and without even a few seconds 
delay. 

2 High-speed operation of combustion-control equipment 
for very fast emergency load changes, either fully or semi- 
automatically, without sacrifice of performance during slow 
routine load changes or steady load conditions. 

3 Adequate manual protection for all automatic functions. 
The automatic control of combustion, boiler-water level, and 
fuel-oil temperature and pressure, should be backed up with 
suitable manual control which can be used with the aid of addi- 
tional operators to give almost as good results as can be obtained 
with automatic control. By manual control is meant direct 
manual manipulation by mechanical means. 

4 Dual protection wherever possible for major automatic 
events such as transitions from one fan-motor speed to another. 
Thus, it should not be possible for the failure of a single control- 
ling element to cause a failure of major equipment. However, 
such transitions should be avoided in the design if possible, 
because the delay during the transition period may restrict the 
amount of load that can be picked up in an emergency. It also 
reduces the reliability factor slightly. 

5 Superheat and reheat characteristics as flat as possible 
over a wide load range. This is desirable in order to avoid 
trouble with flanged joints due to sudden temperature changes 
in steam piping during emergency load changes. 

6 Adequate boiler-water storage should be provided for 
handling the initial load increment during an emergency. Speed 
of combustion control should be considered in relation to steam 
storage available. 

7 Both the maximum heat liberation permissible in the 
furnace and the maximum permissible steam liberation from the 
boiler without carry-over or other difficulties should be from 35 
to 45 per cent greater than steady full-load requirements. This 
is necessary in order that it may be possible to liberate the 
additional heat necessary to build the system up to the new 
temperature and pressure level corresponding to the increased 
load, and also in order to be able to liberate enough steam from 
boiler-water storage without carry-over to handle the initial 
inrush to the turbine. 


Items 6 and 7 will be discussed at greater length in the para- 
graphs to follow. 
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THERMODYNAMIC CHANGES DuRING A SuDDEN LoAp 
INCREMENT 


While it is true that the test data represented by the curves 
of Figs. 16 and 17 together with the values computed therefrom 
leave much to be desired from the standpoint of exact values, 
it is felt that the analysis now to be presented will be worth 
while because it portrays just what takes place during a sudden 
load increment. 

A consideration of the test methods by which the data have 
been obtained will of course make it necessary to accept the 
values as approximate only. This, however, will not affect the 
general picture, and it is questionable whether more precise tests 
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would bring to light anything of further value from an operating 
standpoint. As a research problem, however, it would be of 
great interest to obtain more precise figures on a number of 
different installations, and possibly this discussion may suggest 
such a field for further investigation. 

The important phenomena peculiar to this type of operation 
occur during the period commencing with the opening of the 
turbine control valves and ending at the moment when the 
steam pressure stops dropping. In the test represented by 
Fig. 16 for the 1400-lb plant, this period was 2'/, min, and in 
Fig. 17 for the 425-lb plant it was 51 sec. The steam pressure 
in the boiler drum is shown by curve A and the actual fuel-input 
rates are plotted as curve C. The corresponding fuel-input 
rates for steady load conditions are given by curve D. The 
area between the curves C and D represents the amount of heat 
liberation from fuel necessary to increase the heat stored in the 
-boiler setting, turbine, piping, and stage heaters to the new 
level corresponding to the increased load. Since steam pressure 
during steady load conditions is held constant at the turbine 
throttle, the boiler-drum pressure increases with the boiler load 
and therefore some heat must also be added to the boiler water 
at the higher loads. There will also be a certain amount for 
additional losses due to lowered efficiency during the load pickup. 

Theoretically, the total amount of heat added to storage in 
the boiler setting and turbine system is approximately a fixed 
value for a given load increment and is a definite characteristic 
of the type and capacity of the installation rather than a function 
of the time consumed in adding it. However, the time required 
to add that portion of the heat which is necessary to arrest the 
drop in pressure is, from an operating standpoint, an important 
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factor which must be considered in relation to the maximum 
permissible drop in steam pressure. It is also important in con- 
nection with the maximum speed for which the combustion 
control has been designed to operate. 

The double-crosshatched area to the left of line a-a in Fig. 16 
represents the total heat input from fuel that must be added 
in excess of steady load requirements in order to arrest the drop 
in steam pressure. In the case of the 1400-lb plant this amounted 
to approximately 11,000,000 Btu. It should be understood 
that a portion of this heat is absorbed directly by the boiler 
setting and the remainder is absorbed for the generation of the 
steam that is utilized in elevating the temperature and pressure 
in the turbine, piping, and extraction heaters. The heat liberated 
from boiler-water storage during this period was 1,950,000 Btu, 
making a total of 12,950,000 Btu delivered from the two sources, 
namely, fuel input and boiler-water storage, to storage in the 
boiler setting and turbine system for the load increment obtained 
during the test. 

From special tests it was found that all of the heat from the 
incremental fuel input for the first 16 sec was absorbed by the 
boiler setting. This was obtained by increasing the fuel input 
by means of a continuous impulse for “more’’ on the high-speed 
combustion control while the turbine throttle flow was held 
constant. The first change in steam pressure or flow of boiler 
steam was noted at the end of 16 sec, and the control was then 
reversed and returned to normal. The total fuel input during 
this period amounted to approximately 1,000,000 Btu. Under 
the conditions of an actual load pickup, this figure would prob- 
ably be somewhat higher due to the extra heat that would be 
absorbed by the various boiler heating surfaces as a result of 
the increase in flow. However, the error due to the possible lag 
in the pressure gage and steam-flow meter would probably 
partially compensate for the error due to disregarding the heat 
that would be absorbed on account of the flow increments just 
mentioned. A similar test at the 425-lb plant gave a value of 
22 sec. 

Thus, the boiler-water storage is the only source available 
during this period to supply the steam flow to the turbine throttle. 
At the end of this period, some of the excess fuel represented by 
the shaded area of Fig. 16 becomes available for reducing the 
draw-off from boiler-water storage, until finally, at the point 
of time represented by the line a-a, the latter is reduced to zero 
and the net input to the boiler from fuel (after deducting boiler 
losses) plus the heat in the feedwater is then exactly equal to 
the steam output. From this point begins the process of re- 
turning the heat to the boiler-water storage plus the heat required 
to elevate the pressure and temperature of the turbine system 
from the existing steam pressure to the normal pressure for steady 
load conditions. Due to the fact that the drum pressure is 
approximately 21 lb per sq in. higher at the new load, approxi- 
mately 350,000 Btu additional must be returned to boiler-water 
storage than was released therefrom during the load pickup. 

Due to the unsteadiness of steam-pressure conditions after 
the load pickup on the 425-lb plant it was unfortunately not 
possible to plot in Fig. 17 closed areas similar to those in Fig. 16, 
using the curve of steady-load fuel-input rates to complete the 
closure. There is, however, one item brought out in the tests 
at this plant, which should be noted in passing and which was 
not available in connection with the test on the 1400-lb equip- 
ment. In Appendix 3 the amount of heat added to the extrac- 
tion feedwater heaters during the load pickup has been calcu- 
lated. This is given for the individual heaters in item 24 and 
totals approximately 14,500,000 Btu. This is a value of rela- 
tively large magnitude and gives some conception as to the 
amount of heat that has to be added to the turbine system in 
order to raise its potential to the value corresponding to the new 
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load. A better appreciation of the magnitude of this value may 
be had from an examination of the curve in Fig. 18 which shows 
the average load equivalent of this amount of heat for various 
time intervals during which the addition of heat might have 
taken place. If it is accomplished during a 2-min interval, the 
heat used will correspond to a load of 34,000 kw although the 
actual equivalent energy delivered is only 1122 kwhr. 

The same sort of an analysis is of passing interest in connec- 
tion with energy and power equivalents of the heat released from 
boiler-water storage. This is brought out by the curves of Figs. 
19 and 20 for a 1400-lb and a 425-lb plant respectively. The 
values of the electrical-energy equivalents for the amount of 
heat released by the drop in steam pressure are quite small, but 
when it is understood that the rates of pressure drop during 
the course of the load pickup are considerably in excess of 20 
per cent per minute, it can be seen that the energy released will 
sustain an appreciable load for a short interval of time, and this 
is vital to the success of the sudden load pickup. 


RELATIONS BETWEEN BoiLeR-WATER STorAGE, Fvuet-Inevt 
Rate AND Fuet-Controi Drive SrEED 


A comparison of the steam-pressure curves in Figs. 16 and 17 
indicates a much quicker recovery to the point of minimum 
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steam pressure in the case of the 425-lb plant. This was due 
almost entirely to the difference in the relative amounts of 
excess fuel-input rates above steady load requirements. In the 
case of the 1400-lb plant, no effort was made to utilize the maxi- 
mum available fuel-input rate. For the conditions of the test, 
the amount of this excess could easily have been doubled. How- 
ever, from calculations made previous to the test, the maximum 
fuel-input rates indicated in Fig. 16 were decided upon as being 
ample to effect a complete recovery of steam pressure within a 
reasonable length of time. Therefore, the operators were in- 
structed to run the fuel-control drive to a predetermined posi- 
tion and hold it there until minimum steam pressure was 


reached. 
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A study of the curves in Fig. 16 will justify within reasonable 
limits certain general conclusions as to the relation between 
excess fuel-input rates, fuel-control drive speeds and boiler- 
water storage. A decrease in the excess fuel-input rate above 
steady-load requirements, or the amount of overfueling, will 
delay the moment when the total heat input from fuel in excess 
of steady-load requirements has reached the value represented 
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by the double-crosshatched area. This will make the moment 
when minimum steam pressure has been reached occur later and 
more steam will have been drawn from boiler-water storage to 
meet the throttle flow requirements, thus resulting in a lower 
minimum steam pressure. If, for example, the amount of over- 
fueling were reduced 20 per cent, then 20 per cent of 11,000,000 
Btu or an additional 2,200,000 Btu would have to be withdrawn 
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TABLE 4 COMPARISON OF MAXIMUM TURBINE CAPACITIES AVAILABLE 
MOMENTARILY FROM STORED HEAT IN BOILER WATER FOR FOUR 


PACIFIC COAST STEAM STATIONS 


(e) ‘Total boiler-water storage at normal 
firing level and operating pressure. 


Total boiler F Proportion Since item (a) is a fixed quantity depend- 
Turbine storage at Capacityfrom of max 
— boiler- si Nr rate normal storage for turbine ent upon the size and type of equipment in- 
rum pressure, Maximum at 10% max operating 20% pressure capacity 
Ib per sq in. capacity, capacity, temperature, drop per min, from stor- stalled, and since any three of the remaining 
Plant gage kw b per kwhr Ib age, percent four items can be fixed arbitrarily on the basis 
B 425 (a) 220,000 12.6 990,000 142,000 65.0 and first cost, the remainin e 
(b) 110,000 12.6 660,000 95,000 86.0 ’ aining factor could b 
iC 450 42,000 13.0 306,000 42,500 104.0 calculated to meet the other fixed requirements. 
D 425 44,000 13.5 256,000 34,000 80.0 
Norte: Item (6) for plant A is based upon a load pickup with one turbine and two boilers BoILeR CAPACITIES AND STORAGE FAcTORS FOR 


but with the benefit of storage capacity from three boilers. 
for a theme from 5 megawatts to 56 megawatts. 
Nore: It 


TABLE 5 COMPARISON OF RATIOS BETWEEN INSTALLED BOILER AND 
TURBINE CAPACITIES FOR FOUR PACIFIC COAST STEAM STATIONS 


This is the necessary condition 


Four SraTions ON THE Paciric Coast 


em (b) for plant B is based upon a load pickup with one turbine and four boilers, 
which is the condition necessary for a pickup from 2 mezawatts to 90 megawatts. 


Since the available data in connection with 
item (a) as just presented are insufficient for 
practical use at this time, some design char- 
acteristics for four stations on the Pacific coast 


Ratio will now be analyzed in the light of the results 
pressure _ ture at installed water rate Maximum installed boiler to obtained from actual load-pickup tests. 
at turbine turbine turbine at max boiler capacity turbine 
throttle, throttle, capacity, ; eapacity, 1000 Ib Equiv. capacity In Table 4, the kilowatts equivalent to the 
Plant lb per sq in. cw per kwhr _ per hr w col 7/col 4 he iberati n e iler- e 
A 1250 750% (a) 122,000 8.9 1,500 169,000 1.39 at liberation from the boiler-water storag 
(b) 61,000 8.9 9220 109,000 1.79 for a pressure-drop rate of 20 per cent per 
B 400 725 (a) 220,000 10.5 257,000 
(b) 110:000 10. 1,800 171,000 156 minute four 
c 425 725 42,000 850 74,000 1.76 stations. In the last column these ye 
400 650 44,000 10.8 850 79,000 1.79 
eats been compared with the full-load capacities of 
* With reheat to 750 F. 


NOTE: 
turbine, with the other turbine operating at minimum load. 
ass” load pickup from 5 megawatts to 56 megawatts. 

OTE: 
the arrangement necessary for a pickup from 2 megawatts to 90 megawatts. 


from boiler-water storage. The new minimum steam pressure 
can therefore be computed, also the approximate time of its 
occurrence. 

On the other hand, if the fuel-control drive speed were slowed 
down, this would change the slope of the fuel-input line toward 
the right and delay the start of the overfueling process, thus 
necessitating a larger draw-off from boiler-water storage, which 
in turn results in a lower steam pressure. However, the time 
of occurrence of minimum steam pressure will not be altered a 
great deal due to the fact that the excess fuel-input rate to the 
boiler setting will be increased by approximately the amount of 
the reduction in heat available for steam generation, thus com- 
pensating largely for the delay in reaching the desired maximum 
fuel rate. 

If sufficient data could be obtained as to the value of the 
total heat per kilowatt of full-load capacity in excess of steady- 
load requirements (or some other more suitable unit basis) 
which is required to arrest the pressure drop, then it would be 
a simple matter to design for the most suitable relations between 
boiler-water storage, maximum possible fuel-input rate, and 
maximum fuel-control drive speed. There are five factors in- 
volved as follows: 


(a) Total heat in excess of steady-load fuel requirements 
necessary to arrest the steam-pressure drop for a given load 
increment. It is dependent almost entirely upon the size and 
type of equipment installed. However, much more actual test 
data are required than are now available. 

(b) Maximum permissible steam-pressure drop considered 
safe or desirable. This will usually be between 15 and 20 per 
cent of the initial pressure. 

(c) Maximum permissible fuel-input rate. This is largely a 
matter of permissible first cost as dictated by the economics of 
the situation. 

(d) Maximum possible speed of fuel-control-drive equipment. 
This will depend largely upon the type of combustion-control 
equipment selected: 


Item (b) for plant A is based upon two boilers taking the load increment on one 
This was the actual condition 


Item (b) for plant B is based upon one turbine operating with four boilers, which is 


the turbines on a percentage basis. In item 
(b) of this column for plants A and B, are 
given the values of these boiler-water storage 
factors, which correspond to the actual condi- 
tions of the load-pickup tests described earlier 
in this discussion. It will be recalled that plant A in the test re- 
ceived the benefit of the storage capacity from all three boilers 
when picking up the load on only one turbine. The propor- 
tion of full-load capacity that could be carried from storage un- 
der these conditions is 79 per cent. In the case of plant B, 
the tests showed that three boilers per turbine did not give 
very satisfactory results inasmuch as the drop in steam pres- 
sure was excessive. However, with four boilers per turbine, very 
good results were obtained, and the boiler-water storage factor 
for this arrangement is 86 per cent of the full-load capacity 
of the turbine. This is somewhere near the value of 79 per cent 
for plant A. 

In item (a) for each of these two plants, the boiler-water 
storage factor is given on the basis of all boilers and turbines in 
service. For plant A the figure of 39.5 per cent is for three 
boilers and two turbines, and for plant B the value of 65 per 
cent applies either to six boilers and two turbines or three boilers 
and one turbine. It may be concluded from the results of the 
load-pickup tests that both of these figures are too low for satis- 
factory stand-by operation, if by this is meant the capacity to 
accept and hold approximately full load from an initial mini- 
mum load. This condition is also reflected in the emergency 
load-pickup schedules plotted in Figs. 10 and 11. 

It may further be concluded from this analysis that the mini- 
mum boiler-water storage factor for satisfactory stand-by opera- 
tion should be somewhere between 65 and 79 percent. It is also 
interesting to note the very large factor indicated for plant C. 
The figure for plant D is of the right order. However, contem- 
plated additions in turbine capacity at both these plants will 
reduce the storage factor to a value that will be too low for a full- 
load emergency pickup unless additional boiler capacity is also 
installed. 

In passing, it is of interest to note the difference in the values 
of actual boiler-water storage as given in column 5. If these 
values are reduced to a unit basis by dividing them by the cor- 
responding kilowatt capacities in column 3, a value of approxi- 
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mately 2 lb of storage per kilowatt of capacity is obtained for 
item (b) of plant A as against 6 lb per kilowatt for item (b) of 
plant B, although the corresponding storage factors in column 7 
are of the same order. ‘This merely indicates that the same op- 
erating results may be obtained from much less boiler-water 
storage at the higher pressure. Although the lower water rate 
for the 1250-lb turbine will account for part of this, reference to 
Fig. 21 reveals the fact that, for the same per cent drop in steam 
pressure, more than twice as much steam is liberated from the 
same quantity of water at 1250 lb pressure as is possible at 
400 Ib. 

In Table 5 are given the ratios of boiler capacity in equivalent 
kilowatts to the actual turbine capacity. All plants exceed the 
minimum requirements of 35 per cent excess boiler capacity, as 
called for under item 7 in the list of essential requirements for 
stand-by operation presented earlier in the discussion. The 
one exception to this is indicated in item (b) for plant B, which 
is for three boilers and one turbine or six boilers and two turbines. 
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Appendix 


BoILeRS AND AUXILIARIES OF THE 1400-LB PLANT 


The boilers used in the tests are Babcock and Wilcox cross- 
drum, straight-tube type with superbeater located above boiler 
sections. The furnace is enclosed on four sides by Bailey insu- 
lated waterwalls. Two of the boilers are of the reheat type, as 
shown in Fig. 8; the third boiler is of the standard type. Each 
boiler is equipped with a return-bend economizer and tubular air 
heater, one forced-draft fan and one induced-draft fan. Boiler 
and furnace data are as follows: 


Boiler and furnace: Reheat boilers 
Maximum evaporating capacity, 


Standard boiler 


Steam-generating surface, sq ft... 12,300 12,300 
Furnace volume, cu ft........... 15,100 15,100 
Tube, outside diameter, in....... 4 4 
Maximum operating pressure, |b 

Weight of water at normal operat- 

ing level and temperature, lb.. 42,000 42,000 

Superheater, convection, single pass: 4 loops 5 loops 
Tube, outside diameter in. 2 2 

Primary reheater (steam to ‘steam) 

located above boiler so that drips 

return to boiler drum by gravity: 
2,700 None 
Tube, outside diameter, in....... 2 None 
Outside diameter of shell, in...... 60 None 
Length of shell, in............... 12.5 None 

Secondary reheater, convection, 

single-pass, located in second 

pass of boiler:.. 

Tube, outside diameter, in....... 2 None 

Economizer, return-bend loop type: 
17,900 21,100 
Tube, outside diameter, in....... 2 2 

Air heater, tubular: 

External heating surface, sq ft.... 51,600 46,915 
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Internal heating surface, sq ft. . 


46,650 
Tube, outside diameter, in....... 2 


42,413 
2 


Sturtevant fans are used in the 1400-lb plant. They are 
inlet-vane control-type, direct-connected to two constant-speed 
induction motors, and are arranged for automatic transition 
from low- to high-speed motor, and vice versa, and for auto- 
matic high-speed readjustment of inlet vanes during fan-motor 
transition. The data on these fans are as follows: 


Induced-draft fans: Reheat boilers Standard boiler 


Capacity, cfm at 385 F 290,000 240,000 
Speed, rpm. 876 872 
High-speed motor, rpm 900 900 
High-speed motor, hp. . 1,200 800 
Low-speed motor, rpm.. : 600 600 
Low-speed motor, hp... 350 225 
Forced-draft fans: 
Capacity, cfm at 80 F 165,000 135,000 
Speed, rpm. ‘ ‘ 700 870 
High-speed motor, rpm. - 720 900 
High-speed motor, hp. . 600 550 
Low-speed motor, rpm 450 600 
Low-speed motor, hp............ 150 150 
Peabody-Fischer wide-range mechanical oil burners, and 


three-piece natural-gas burners are used in the 1400-lb plant. 
Burner data are: 


Reheat boilers Standard boiler 
Number per boiler............. 26 22 
Natural-gas capacity per burner at 


8 lb per sq in., cu ft per hr....... 21,600 21,000 
Fuel-oil capacity per burner at 275 lb 
yer ag Ib pet 1,525 1,525 


TURBOGENERATORS AND AUXILIARIES 


The turbogenerators are of the General Electric vertical 
compound type, consisting of a high-pressure turbogenerator 
mounted on the stator of the low-pressure turbogenerator. 
Other data are as follows: 


High-pressure turbine: 


3,600 
Number of stages 14 
Normal throttle pressure, |b per eq i in., , gage see 1,250 
Total temperature of steam, F......... 750 
Exhaust pressure, lb per sq in., gage................. 30-425 
Generator capacity, 13,000 
‘Low-pressure turbine: 
Normal throttle pressure, lb per sq in., gage.......... 25-405 
Normal temperature of steam, F.................... 705-750 
Exhaust pressure, in. Hg, abs...................... 1.25 
Generator capacity (compound operation), kw. 48,000 
Shaft exciter direct-connected to generator, kw....... 200 
Capacity of compound unit, kw..................... 61,000 
Name-plate capacity, 50,000 


Steam is extracted from cross-over line between high-pressure 
and low-pressure turbines to secondary feed-pump turbines and 
heater No. 1. Exhaust from the former supplies heater No. 2. 
Extraction from the 10th stage to heater No. 3 and evaporators. 
Vapor from evaporators and gland leak-off to deaerating heater 
No. 4. Extraction from 14th stage to heater No. 5. 


Appendix 2 
BoILeRS AND AUXILIARIES OF THE 425-LB PLANT 


The boilers used in the tests described are Babcock and Wilcox 
cross-drum, straight-tube type with an interdeck superheater. 
The furnace is completely inclosed by Bailey insulated water- 
walls. Each boiler is provided with a tubular air heater, two 
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forced-draft fans and one induced-draft fan. Other data are as The fans used in the 425-lb plant are driven by variable-speed 
follows: brush-shifting motors. Peabody-Fischer wide-range mechanical 


Boiler and furnace: oil-burning type and three-piece natural-gas burners are used. 


34,160 TURBOGENERATORS 
Tube, outside diameter, in.......................5. 4 The turbine and generators were manufactured by the General 
Lary Electric Company. They are of the two-cylinder tandem- i 
compound type with double flow in the low-pressure cylinder. 
B&W Steam is extracted from the 5th, 10th, 14th, and 18th stages. 
Type—convection, single-pass, four-loop, quadruple- Other data are as follows: 
deck: 
Tube, outside diameter, in................... ee 2 Turbine: 
Speed, rpm........ 1,500 
Make ‘ B&W Normal throttle pressure, lb per sq in., gage 400 
2,176 
go aia ” The main generator has rated capacity of 90,000 kw at a 4 
Natural-gas capacity per burner at 5 lb per sq in., cu ft mad factor of 90 per cent. The auxiliary generator has a i 
29,250 rated capacity of 4000 kw at 80 per cent power factor. The 
Boiler rating for gas flow, per cent.................. 425 actual capacity of the unit is 110,000 kw. 4 
Appendix 3 


Calculation of power equivalent of heat added to feedwater during the heating period, and that the evaporator is initially on A 
heaters during a sudden load increase from 2 to 90 megawatts, live steam but transient heating is supplied by steam from the : 
gross. It is assumed that there is no flow through the heaters tenth stage. 


Heater 5th 10th EC 14th 18th 
1 Weight of heater filled, lb................ 75,000 68,000 50,000 52,000 53,800 
3 ‘Weight of honter empty, Ib........................ : 61,000 55,000 36,800 36,000 37,000 
3 Weight of water in Ib... RK, 14,000 13,000 13,200 16,000 16,800 
4 Tube surface, sq ft.. 3,300 2,850 3,200 4,000 4,500 
5 Number of tubes.. 1,996 1,996 2,220 2,368 2,536 
6 Surface per tube, sq ft................. 1.65 1.43 1.44 1.69 1.77 
7 Outside diameter of tube, in........................ 7 0.75 0.75 0.625 0.625 0.625 
9 Effective length of tube,in. Item 6/(3.1416 X item 7/12). 8.4 7.2 8.8 10.3 10.8 
11 Total length of tube, ft. (2 X item 10) + item9........ 9.1 7.9 9.0 10.6 11.1 
0.64 0.64 0.33 0.33 0.33 
13 Total weight of tubing, lb. Item 5 X item 11 X item 12. 11,600 10,100 6,630 8,300 9,300 
14 Weight of shell, lb. Item 2 — item 13................. 49,400 44,900 30,200 27,700 27,700 
15 Temperature of water leaving heater at 2 megawatts load, F. 220 175 165 85 80 
16 Temperature of water entering heater at 2 megawatts load, F. 175 165 85 80 70 
17 Average temperature in heaters, F...................-. 197 170 125 82 75 
18 Temperature of water in heaters at aload of 90 megawatts, F. 388 320 260 249 169 ’ 
19 Temperature rise due to load, F. Item 18 — item 17.... 191 151 135 167 94 
20 Heat to brass, Btu. Item 19 X item 13 X 0.092%....... 204,000 139,000 82,000 127,000 80,000 
21 Heat to steel, Btu. Item 19 X item 14 X 0.118°........ 1,110,000 795,000 481,000 546,000 308,000 
22 Heat to water, Btu. Item 19 X item 3................ 2,680,000 1,950,000 1,780,000 2,680,000 1,580,000 ( 
23 Total heat absorbed by heater, Btu. Item 20 + f 
24 Heat content of steam at extraction point, Btu per lb.... 1,321 1,246 1,170 1,163 1,073 € 
25 Heat content of drips; Btu per ib... ......cccccccccvces 365 291 225 216 135 I 
26 Heat content of extracted steam less heat content of drips, t 
Bta mer ib. BG... 956 955 945 947 938 f 
27 Steam extracted, lb. Item 23/item 26.................. 4,180 3,020 2,480 3,540 2,100 e 
28 Heat drop, stage to condenser, Btu per Ib............... 349.5 275 275 191.5 101.5 ( 
29 Kilowatthours lost to heaters. (Item 28 X item 27) /3414. 418 244 200 199 61 
30 Total kilowatthours lost to all heaters ............ 1,122 t 
* Specific heat of brass. J 
> Specific heat of steel. T 
Nore: Values in this table used in plotting Fig. 18. T 
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Development of a Fuel-Injection 
Spark-Ignition Oil Engine 


By NICHOLAS FODOR,' MILWAUKEE, WIS. 


The author describes a fuel-injection spark-ignition 
oil engine which was designed to operate on the same fuel 
as a Diesel engine and with approximately the same fuel 
economy, but with pressures throughout the entire cycle 
which would not exceed those of a gasoline engine of equal 
size and speed designed for the same service. 

In the oil engine only air is admitted to the cylinder 
during the suction stroke. This air is then compressed 
to 160 lb per sq in., corresponding to about 6.35 to 1 com- 
pression ratio. At the end of the compression stroke, at 
about 60 deg before top dead center, the fuel is injected 
into the cylinder in finely atomized state by the fuel pump 
and injector. The fuel pump and injector are of the same 
design as those used for Diesel engines. Injection con- 
tinues until the piston reaches top dead center. The spark 
occurs 15 deg before top dead center. Due to the time 
necessary for the vaporization of the injected fuel and its 


mixing with the air inside the cylinder, not all the fuel. 


injected during the time from the beginning of injection 
until the spark occurs, will ignite at once, but a rather 
orderly combustion will take place and the maximum 
pressure is reached after 10 to 12 deg top dead center, 
when the engine is running at its rated speed and carries 
full load. At part-load operation, the beginning of in- 
jection is correspondingly later, but the spark timing is 
fixed. The rate of combustion is controlled by the rate 
of discharge of the fuel. 

The expansion and the exhaust strokes have the same 
functions in this engine as in gasoline and Diesel engines. 

As in the case of the gasoline engine, the spark can ignite 


HE purpose of this paper is to explain briefly the principal 

fi of the spark-ignition fuel-injection oil engine 

developed in the oil-engine laboratory of the Allis-Chal- 

mers Manufacturing Company, and to present the fundamentals 
of combustion of such an engine. 

The development of the oil-engine was prompted by the de- 


1 Engineer in Charge of Oil Engine Development Work, Allis- 
Chalmers Manufacturing Company. Mr. Fodor was graduated 
from the Royal Hungarian Technical University, Budapest, in 1922 
with the degree of mechanical engineer. After graduation he was 
employed for two years at the L. Lang Machine Works in Budapest. 
In 1925 he joined the Fried Krupp organization as development and 
test engineer of Diesel engines and Diesel locomotives. He resigned 
from this connection in 1933 and became a consultant for high-speed 
engine problems. In June, 1934, he entered the service of the Allis- 
Chalmers Manufacturing Company. 

Contributed by the Oil and Gas Power Division and presented at 
the Ninth National Oil and Gas Power Meeting of THe AMERICAN 
Society oF MECHANICAL ENGINEERS, held at Ann Arbor, Mich., 
June 24-27, 1936. Also presented at the Semi-Annual Meeting of 
Tue AMERICAN Society oF MECHANICAL ENGINEERS, held at Dallas, 
Texas, June 15-20, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


a mixture in the fuel-injection spark-ignition oil engine 
only when it is constituted of the proper amount of fuel 
and air necessary to sustain combustion, i.e., a mixture 
must have the proper air-fuel ratio. In order to maintain 
this proper air-fuel ratio at all loads, it is necessary that 
the quantities of fuel and air be controlled in accordance 
with the momentary load. 

At full load the total quantity of air available in the en- 
gine is utilized and an air-fuel ratio of approximately 
16 to 1 is maintained. At part loads the air admitted to 
the cylinders is reduced in accordance with the momen- 
tary load. For metering the fuel, the vacuum of the 
manifold is used, which acting upon the fuel pump will 
set the corresponding quantity of fuel. 

Electric current for the spark plug is supplied from either 
a magneto or a battery by the customary coil and distribu- 


The fuel consumption at full load of the production 
engine amounts to 0.44 lb per bhp-hr, and the part-load 
fuel economy approaches very closely that of the Diesel 
engine. The engine can run on gasoline, on fuel oils 
used in house-heating furnaces, or on regular fuel oils 
used for Diesel engines. The engine seems to be very in- 
sensitive toward its fuel. 

The engine has a very flat torque characteristic and is 
highly flexible, therefore, ideal for automotive use. 

Inasmuch as the maximum pressures are the same as 
those in gasoline engines, the fuel-injection spark-ignition 
oil engine is built with the same weight per horsepower 
as that of the gasoline engine. 


mand for replacing gasoline as fuel in tractor engines, mainly, 
on account of the greater economy of operation. The adoption 
of the Diesel engine in place of the gasoline engine seemed to be 
plausible when the change was considered, but after exhaustive 
tests it was found that existing transmissions of the tractors 
could not stand up for any length of time under Diesel opera- 
tion. The high cyclic torque variations of the Diesel engine 
were detrimental to the clutches, gears, and shafts of the trans- 
mission, and had the Diesel engine been adopted for the tractor, 


it would have been necessary to redesign the entire transmission _ 


which would have materially increased the cost to the consumer. 
Due to the fact that the Allis-Chalmers Manufacturing Company 
is a large producer of gasoline-engined tractors, the splitting of 
the production line into separate sections for gasoline- and 
Diesel-engined tractors would be very undesirable from an 
economical standpoint and, therefore, the company decided to 
investigate the possibilities of the low-compression, fuel-injection, 
spark-ignition oil engine. 

A comparison of indicator cards of Allis~-Chalmers oil engines 
and Diesel engines of equal bore and stroke is shown in Fig. 1. 
The oil-engine diagram shows an actual power diagram of the 
oil engine when running at 1050 rpm with an indicated mep ef 
111 lb per sq in. The Diesel diagram has been computed on the 
basis of a compression ratio of 16 to 1, an indicated mep of 111 
lb per sq in. and a maximum pressure of 970 Ib. 
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Fig. 2 shows the tangential diagram of a 5'/, X 6'/:-in. four- 
cylinder 1050-rpm Allis-Chalmers oil engine and the tangential 
diagram of a Diesel engine of the same size—running at the same 
speed. Tangential forces were calculated from the diagrams 
shown in Fig. 1. 

Fig. 3 shows the diagrams of actual torque delivery at the 
flywheel at 1050 rpm by six-cylinder oil and Diesel engines. 
These diagrams illustrate the extent of the cyclic variation of 
torque for both types of engines, and they are self-explanatory. 
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Fie. 2 TANGENTIAL DraGRAMS OF THE A-C O1L ENGINE AND 
ENGINE OF THE SAME SIzE 


Before starting the development of the fuel-injection spark- 
ignition oil engine, all pertinent factors were considered and 
analyzed and as a result, it was found that a desirable oil engine 
for tractors, and for that matter for all other automotive pur- 
poses, should fulfill the following requirements: 

1 It must burn the same low-cost fuel oils as used in com- 
mercial Diesel engines, and with approximately the same fuel 


economy. 


2 It must not be sensitive to fuels and should operate on any 
hydrocarbon fuel which will flow easily at surrounding tempera- 
tures. 

3 Its cylinder pressures throughout the entire cycle of opera- 
tion must not exceed those of the gasoline engine of identical 
dimensions, speed and compression ratio, and designed for the 
same service. 

4 It must start immediately when cold without artificial 
means or complicated starting mechanisms. 

5 Construction of the elements of the engine and the material 
employed should be identical with those of the gasoline engine. 

6 The fuel-injection system must be simple, its operation 
easily understandable to the average mechanic, and its servicing 
must require neither special tools, equipment, nor training. 
The same specifications refer to the ignition system. 

Fig. 4 shows a view of the oil engine; Fig. 5 is a cross section of 
the same engine. 


PRINCIPLES OF OPERATION 


The principles of operation of the Allis-Chalmers oil engine 
are as follows: It operates on the four-cycle principle with air 
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Fic. 3 Torque DELIVERY AT THE FLYWHEEL OF THE A-C O1L 


ENGINE AND A DreseL ENGINE OF THE SAME Size, Boto RuNNING 
aT 1050 Rem 


only being admitted to the cylinders during the intake stroke. 
This air is then compressed to a pressure of 160 Ib pér sq in., cor- 
responding to a compression ratio of approximately 6.35 to 1. 
Toward the end of the compression stroke, at about 50 deg 
before top dead center, fuel injection commences and fuel is 
injected into the cylinders in a finely atomized state by the fuel 
pump and injector. The fuel pump and injector are of a design 
similar to those used in Diesel engines. Injection continues until 
10 deg before top dead center. The spark occurs about 12 deg 
before top dead center. Due to the time necessary for the vapori- 
zation of the injected fuel and its mixing with air inside the cylin- 
der, not all the fuel injected during the interval from the begin- 
ning of the injection until occurrence of the spark, will ignite 
at once, but a rather orderly combustion takes place and the 
maximum pressure is reached at approximately 15 to 18 deg 
past top dead center, when the engine is operating at its rated 
speed and load. At part-load operation, the beginning of the 
injection is correspondingly later, but the spark timing is fixed. 
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OIL AND GAS POWER 


The rate of combustion is controlled by the timing of the fuel 
injection. 

The expansion and exhaust strokes have the same functions 
in the oil engine as in the gasoline or Diesel engines. 

As in the case of a gasoline engine, the spark can ignite a mixture 
in the fuel-injection spark-ignition oil engine only when it con- 
sists of the proper mixture of fuel and air to sustain combustion, 
i.e., the mixture must have the proper air-fuel ratio. In order 
to maintain this proper air-fuel ratio at all loads, it is necessary 
that not only the fuel quantity be controlled in accordance with 
the load, but also the air. 

At full load the total quantity of air available in the engine is 
utilized and an air-fuel ratio of 15 or 16 to 1 is maintained. At 
all part loads, the air admitted to the cylinders is reduced in 
accordance with the momentary load. This is accomplished by a 
simple butterfly valve placed between the air-cleaner and intake 
manifold and operated by a conventional governor. For metering 
the fuel, the vacuum of the manifold is used to regulate the fuel 


Fie. 4 Tue Auuis-CHALMERS OIL ENGINE 


pump so that it will supply the proper quantity of fuel and thus 
maintain a substantially constant air-fuel ratio. 

Electric current for the spark plugs is supplied from either a 
magneto or from a battery and the customary coil and distributor. 


CONSTRUCTION OF THE ENGINE 


The Allis-Chalmers oil engine is built with 5'/, x 6*/;-in. 
cylinder dimensions. Its full-load speed is 1050 rpm and the 
maximum governed speed is 1200 rpm. 

The combustion chamber is contained in the cup-shaped 
piston. The cylinder head is flat. Piston design follows the gene- 
rally accepted gasoline-engine practice. The pistons are made of 
tin-plated cast iron. Three compression rings, */). in. wide, and 
one oil ring '/, in. wide are employed. Rings are of the same ma- 
terial and dimensions as used in the Allis-Chalmers gasoline en- 
gines. The replaceable cylinder liners are made of nickel cast 
iron and with the customary hardness, Oil and gasoline engines 
use the same liners. 

The cylinder-head design follows standard Diesel practice. 
The intake and exhaust valves are as large as the cylinder bores 
permit. The valve ports were designed to give the least possible 
resistance to the flow of air and gas. For this reason the intake 
port is streamlined. Air flows from the intake manifold through 
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the port and past the valves into the cylinder in an uninterrupted 
stream free from eddys or sudden changes in velocity due to the 
proper cross-sectional variation. Since the intake and exhaust 
valves are located at either side of the cylinder, air will naturally 
enter tangentially and the resultant turbulence created thereby 
is sufficient for maintaining good combustion at high-speed full- 
load operation. 


Fie. 5 Secrionat View or THE ALLIS-CHALMERS O1L ENGINE 


Combustion 


With Exhaust 
Receiver. 


With Std. Exhaust 
Stack 


Exp. Comp. GS 


Fic. 6 INFLUENCE oF ExnHavust-Gas DiLuTIonN on ComBUsTION 
Rate 


(Curves plotted from results of two runs, one with the engine exhausting 

into a receiver and one with the engine exhausting into a standard exhaust 

stack. Both runs were made at 1040 rpm, and with a fuel rate of 2360 

revolutions per 2 Ib fuel. Notre: The residual exhaust gases cause slower 
combustion and also a loss of power.) 


The same streamlining principle was employed for the exhaust 
ports in order to obtain the maximum evacuation of the cylinders. 
Exhaust-gas dilution slows down combustion and, therefore, 
in the low-compression oil engine, it is very important that the 
combustion chamber, at the end of the exhaust stroke, be filled 
with exhaust gases of not more than atmospheric pressure, and 
preferably less. Fig. 6 shows the influence of exhaust-gas dilution 
on combustion rate. 

Great care has been taken in providing large water passages 
over the combustion chamber and around the valves to prevent 
hot spots and to maintain uniform combustion temperature in 
every part of the chamber. 
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Valves, valve gearing, crankshaft, connecting-rods, and bear- 
ings are identical in both the Allis-Chalmers oil and gasoline 
engines. The fact is both engines are built on the same assembly 
line. In the following paragraphs is a description of the parts 
and equipment which are peculiar to the oil engine and not em- 
ployed on the gasoline engine. 


Tue EQUIPMENT 


The injection system comprises two main divisions: (1) The 
injection pump, and (2) the injector. The pump meters the fuel 


Fuel Filter 


Delivery Pump 


Fic. 7 Deco Pump AssEMBLY USED ON THE A-C O1L ENGINE 


and delivers it under pressure to the injectors. The injector 
discharges the fuel into the combustion chamber in a form in 
which it can be readily burned when suitably heated, mixed with 
air, and ignited with a spark. The fuel pump used on Allis- 
Chalmers oil engines is known as the Deco pump. This pump is 
shown in Fig. 7. The operation of the pump is simple and de- 
pendable because it follows the familiar time-proved principle 
of plunger-and-valve operation. 

Fig. 8 shows the simple construction of the Deco pump. The 
housing, body, and suction-valve covers make up the three sec- 
tions of the pump. The housing is made of cast iron, with a 
finished top surface, making a perfect fit between the housing 
and the body. A machined-steel body is fastened to the pump 
housing by means of two studs. Capscrews fasten the suction- 
valve cover, which also serves as a fuel manifold to the top of 
the body. 

The Deco fuel pump includes an individual pump unit for each 
engine cylinder. Each pump unit consists of a suction valve, 
plunger and barrel, discharge, and tappet assembly. The barrel 
fits securely in the body as shown in Fig. 9. Directly above the 
barrel is the suction-valve body. The lower portion of the valve 
body is accurately ground as a valve seat, and the upper portion 
acts as a guide for the suction valve. A small spring insures a 
quick closure of the valves when the suction force is released. 
Several small holes drilled in the suction-valve body, just above 
the seat, permit fuel to pass from the fuel manifold to the valve. 
The entire valve assembly is held securely in position by the 
sleeve nut which is screwed into the pump head. 

The plunger and barrel, which are located directly beneath the 
suction-valve assembly, are accurately ground to secure a perfect 
fit of the plungers in the barrels. The lower end of the plunger is 
in contact with the tappet adjusting screw located in the upper 
end of the tappet body assembly. The lower end of the tappet 
assembly is provided with a roller which engages the camshaft, 


and the entire tappet assembly is installed with a sliding fit in 
the pump housing and rests on the flat cross section of the control 
rod. It is held in place by the heavy plunger spring. 

The control rod which extends the entire length of the pump 
housing passes through all of the tappet bodies between the 
rollers and tappet screws. The section of the control rod within 
the tappet bodies is machined flat and by its rotation the plunger 
stroke and, therefore, the amount of the fuel handled by the 
pump is controlled. 

The pump camshaft running in a bath of oil is supported on 
both ends by roller bearings with suitable oil seals, and mounted 
in a chamber which is entirely sealed from the rest of the housing 
except for a small air vent. In this design, fuel oil which may 
collect in the upper portion of the housing cannot enter the cam- 
shaft chamber and dilute the lubricating oil. A drain is provided 
for any fuel oil that may collect in the upper portion of the hous- 
ing. 

In front of the suction-valve cover, and located in the body 
proper, is a discharge valve, consisting of the valve, barrel, and 


Fig. 8 CONSTRUCTION OF THE Deco Pump 


spring. The valve is drilled to accommodate the spring. The 
tip of the valve is conical in shape and fits into the lower portion 
of the barrel which is accurately ground to a valve seat. The 
upper portion of the barrel serves as a guide for the valve. There 
are holes drilled in the conical tip of the valve just above the valve 
seat, and flats are machined along the entire length of the out- 
side of the valve body. By means of these holes and flats, fuel 
can flow unhindered through the injector tubing and to the 
injector when the valve is opened. 

The Deco pump operates as follows: When the plunger moves 
downward toward its low position, it creates a suction at suction 
valve and opens the valve, thus filling the barrel with fuel. When 
the plunger reaches its lowest position, it remains stationary for 
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OIL AND GAS POWER 


a moment, thus relieving the suction, and the spring closes the 
suction valve before the plunger starts upward. As the plunger 
starts upward on its delivery stroke, the fuel within the barrel 
and in the fuel passage is under a pressure of 1350 lb per sq in., 
which lifts the discharge valve. Fuel then flows into the injection 
line to the injector. The injector line carries the fuel to the spray 
nozzle located in the cylinder head of the engine through which 
it is sprayed into the combustion chamber. 

The flow of fuel into the combustion chamber will continue as 
long as the pressure remains above 1350 lb per sq in. As soon as 
the plunger reaches the end of its upward stroke, this pressure 
falls below 1350 lb per sq in. and the injector closes, terminating 
injection. The amount of fuel injected by the pump is metered 
by varying the length of the plunger stroke; the arrangement is 
shown in Fig. 10. 

Rotation of the control rod a few degrees causes the high edge 
of the control rod to act on the adjusting screw and thus raise 
the entire tappet assembly. The effect of this movement is to 
decrease the stroke of the plunger, because the roller will be 
raised and therefore will be contacted by the cam at a higher point 
on the cam. By rotating the control rod to the maximum, the 
roller in the tappet assembly may be raised so that it will never 
be contacted by the cam. In this position the pump becomes 
ineffective, which serves to stop the injection. 
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Fig. 9 Secrionat View or THE Deco Pump SHOWING THE SUCTION 
VALVE, PLUNGER AND BARREL, AND THE TAPPET ASSEMBLY 


The second part of the injection system is the injector, the 
assembly of which is shown in Fig. 11. It contains a spring- 
loaded nozzle valve that regulates the injection pressure, and is 
eperated hydraulically by the fuel pump. The part of the in- 
jector which enters into the combustion chamber is called the 
tip. The design of the tip determines the shape of the fuel spray, 
its power of penetration, and the degree in which it is broken up 
into a fine mist. 

A conventional diaphragm pump driven off the fuel-pump 
camshaft supplies the injection pump with fuel from the tank. 
This primary pump forces the fuel through a filter before it can 
enter the injection pump. The filter is a commercial product and 
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capable of removing all particles larger than 0.0015 in. from the 
fuel. A prefilter installed in the fuel tank removes large particles 
from the fuel oil. 

It was mentioned at the beginning of this paper that not only 
the fuel but also the air must be governed in accordance with 
the momentary load on the engine. The engine is throttled and 


Part Load 


Fic. 10 SHow1nG VARIABLE STROKE OF THE Deco Pump 


governed by means of a vacuum con- 
trol which is mounted on one end of 
the fuel-injection pump. The con- 
trol, shown in Fig. 12, has a vertical 
spring-loaded piston within a cyclin- 
der which, by means of suitable link- 
age, turns the pump control rod in 
the fuel pump. 

The vacuum control cylinder is air- 
tight except for two outlets, one on 
each side of the piston. The outlet 
on the spring-loaded side of the piston 
is piped to the vacuum side of the but- 
terfly valve in the intake manifold. 
The other outlet connects to the air- 
cleaner side of this valve. Any in- 
crease in the manifold vacuum will 
move the piston downward against 
the spring tension, and any decrease 
in the manifold vacuum will allow 
the spring to move the piston up- 
ward. The movement of this piston 
is transferred to the control rod in 
the pump and causes it to rotate, 
thus increasing or decreasing the - 
length of the stroke of pump plunger 
in accordance with the manifold 
vacuum. 

The vacuum in the manifold is controlled by the position of 
the butterfly valve, which is in turn controlled by a conventional 
governor. 

In the foregoing manner the correct air-fuel ratio is maintained 
at all loads and speeds; the spring ratio and the vacuum control 
are so determined as to maintain a definite relationship between 
the quantity of air drawn into the engine and the fuel injected 
into the engine, both thus corresponding to the vacuum in the 
manifold. 

Fig. 13, which is shown on the following page, shows the rela- 
tion of fuel to manifold vacuum, thus indicating the delivery 
limits of the Deco pump. 
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IGNITION EQUIPMENT 


The ignition equipment consists of either a magneto and spark 
plugs, or a battery with distributor, coil, and spark plugs. 

The oil engine requires a hotter spark than the gasoline engine, 
and therefore the conventional magneto did not give satisfactory 
service, or rather, it did not have enough reserve capacity for all 
emergencies. The magneto used for oil engines has a rotor made 
either of cobalt steel or the so-called alnico alloy, otherwise its 
design is identical with the conventional types. 

Similarly the battery-ignition system had to be revamped to 
give hotter sparks. Today, both magneto and battery ignition 
suitable for oil engines are commercially available. 
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12 Vacuum Controt FoR THROTTLE-GOVERNING THE A-C 
O1L ENGINE 


The spark plugs in the oil engine must show a very high re- 
sistance against fouling. Every time an injection takes place 
the plug is soaked with fuel and it still must not fail to function. 
It took two years of close cooperative work with the plug manu- 
facturers before the spark-plug problem could be considered as 
solved. Today there are spark plugs of several makes which 
will give several hundred hours of uninterrupted service. 


STARTING 


The Allis-Chalmers oil engine is an easy starting engine. A 
little gasoline injected into the intake manifold by means of a 
primer provided for the purpose, two or three upward pulls on 
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the starting crank, and the engine is running. This starting 
method has been effective at all temperatures. 

Due to the low compression pressure there is no necessity to 
relieve compression or convert the engine for starting into a 
gasoline engine. There is no fuel to switch over. The fuel oil is 
injected as soon as the engine starts turning over. The oil engine 
does not require any more priming or warming up than the gaso- 
line engine. 
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Fig. 13. Detivery Limits oF THE Deco INJecTION Pump 


Fie. 14 ComBustTion CHAMBER OF THE A-C O1L ENGINE 


If desired, a 12-v electric starter of conventional capacity and 
design can be supplied. 


CoMBUSTION 


Fuel is injected into the combustion chamber by the injector 
through a multiple-orifice nozzle tip. The number of sprays and 
their included angle have been so selected that the entire chamber 
is uniformly supplied with fuel. The sprays are directed toward 
the bottom of the cup-shaped combustion chamber and at no 
time during the injection period can they penetrate over the 
edge of the piston. This arrangement prevents crankcase dilu- 
tion and at the same time is very beneficial for the rapid vaporiza- 
tion of the fuel. The spark plug penetrates deeply into the com- 
bustion chamber and ignites that part of the fuel charge which 
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(a) (c) : (e) 
Top Te e ay f Top 1c Top Te. 
\ 
Fig. 15 Inpicator Carps TAKEN ON THE A-C O1L ENGINE WHILE RUNNING CoLp 
a b c d e f Card.... a b c d e 
Test . K.0.—20,002 13 13 13 13 13 13 Ignition: 
Cylinder no... 1 1 1 1 1 1 Cyl. no. 1 Spark Spark Self 50/50 50/50 Spark 
Speed, rpm.. 1055 964 830 720 625 610 Cyl. no. 2 Spark 50/50 Self Self 50/50 py 
Beam load lb. 202 203 205 203 198 193 Cyl. no. 3 50/50 ‘Self Self Self 50/50 /59 
Rev. per 2 lb of fuel. . 3425 3495 3481 3472 3471 3508 Cyl. no. 4 — Self Self Self 50/50 50/50 
Exhaust gas temp, F. 1115 1020 920 860 830 760 Running knocks. ; L.P. L.P. lg P P 
Jacket water temp, F. 132 128 124 124 122 120 Indicator spring scale, lb per in. 300 300 300 300 300 300 
Exhaust condition....... I I I I Haze Smoke Pump timing, sy eae 58 58 58 58 58 58 
ooo Magneto timing, deg.. 4 15 15 15 15 15 5 
I = invisible; L.P. = light ping; P = Ping. Manifold vacuum, in. Hg... 125 1.1875 0.875 0.75 0.625 0.4375 


is already in vapor state. A cross section 
of the combustion chamber is shown in Fig. 
14, 

All tests with various spark-plug locations, 
injection, and spark timing, combustion- 
chamber temperatures, nozzle designs, and 
turbulence, showed that in a spark-igni- 
tion fuel-injection oil engine, ignition of 
the fuel takes place from the vapor state. 
This contention is supported by the fact 
that the combustion-chamber temperature 
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bears a very definite relation to the start 


of the combustion. Indicator cards taken Card. 2 
with the Prescott indicator show clearly Cylinder “a e 4 a 
is i 2 Speed, rpm. 1100 925 725 629 
that this is the case. 7 Beam load, Ib. 197 207 190 195 
It can be seen from the cards in Fig. 15, Rev. per 2 lb of fuel 3686 3516 966) 3568 
t- 

which were taken with a cold engine, that Jacket-water, temp, F. 138 139 ‘i 145 . 120 
j j j > irre xhaust condition... aze asef 

the combustion line is very irregular even Ignition... Spark 50/30 Self 
at slower speeds when the engine is run- Running knocks. aes “s L.P. H.P. H.P.L 
Indicator spring scale, |b perin.. .... 300 300 300 300 
ning with self-ignition. These cards should Pump timing, eC 38 58 58 38 

Magneto timing, deg... 

be compared with those taken with a vacuum, tn. 1.875 1 0.6875 0.625 


warmer combustion chamber as shown in 
Fig. 16. 

Much can be learned about combustion by the use of indicator 
cards that show the relation of cylinder pressure and angular 
position of the crankshaft with the P-7 cards. Cards shown in 
this paper were taken with a Prescott indicator which was found 
to give very reliable readings. 

Fig. 17 shows five cards taken during a torque-curve run; 
they represent typical full-torque performance of the engine with 
standard equipment and setting. 

Information obtained by analysis of indicator cards was 
plotted for various tests. The time rate of pressure rise shown 
in Figs. 18 and 19 is very interesting. In general it will be found 
that the maximum time rate of pressure rise or corresponding 
rate of burning occurs at some speed intermediate between the 
low-speed and high-speed limits in an Allis-Chalmers oil engine. 
This maximum time rate of pressure rise or combustion occurs 
at about 750 to 800 rpm but may vary from 600 to 800 rpm with 
various setups of apparatus. In a smoothly operating engine this 
time rate of maximum pressure rise will reach a value of from 
100,000 to 150,000 Ib per sq in. per sec. 

Fig. 18 shows tests results of a setup with a special cam in the 
injection pump giving an increasing rate of fuel discharge. The 


L.P. = light ping; 


H.P. = heavy ping; I = invisible. 


time rate of maximum pressure rise clearly shows the influence 
of discharge rate upon combustion. 

Fig. 19 shows test results of the standard setup of the engine. 
Again the time rate of maximum pressure rise depicts results 
with a constant rate of fuel discharge during injection. 

In order to burn the fuel efficiently, a rapid and well-timed 
combustion must be attained. The fuel must be burned as ~ 
near to top dead center as possible to give a maximum expansion 
of the gases. Thus, the actual start of combustion must start 
before top dead center so that the maximum pressure rise will 
come near top center. The mechanical strength of the engine 
and the smoothness of engine operation modify the above theo- 
retical considerations such that a maximum pressure of 30 lb 
per sq in. per deg of crankshaft rotation is allowable; also the 
maximum pressure must not occur sooner than 10 deg after top 
center. If the foregoing limits are exceeded, there will be exces- 
sive pinging with consequent loss of power. Thus the pressure 
rise per degree and the angle of maximum pressure after top 
center are knock factors; see Fig. 19. 

It has already been mentioned that vaporization of fuel is an 


important factor in engine performance and combustion. Fig. 
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Fig. 18 Resuits OBTAINED WITH A SPECIAL CAM IN THE INJECTION 
Pump To GIVE AN INCREASED RaTE oF FuEL DISCHARGE 
(Results for No. 6 cylinder “et pump timing and 12-deg spark 
timing. 


20 gives a vivid picture of the influence of pump timing or in- 
fluence of time element on the rate of combustion. Both runs 
shown on each of the cards in Fig. 20 were made under practically 
identical conditions in so far as speed, fuel rate, water tempera- 
ture, and manifold vacuum were concerned. The main difference 
between the two runs lies in the pump timing of 53 deg and 58 
deg, respectively. The variation in the spark timing during the 
two runs did not affect the engine performance. 

The timing of the spark plays a very small réle in the rate of 
combustion. For the most efficient performance in the present 
A-C oil engine, there must be a time element of about 45-deg 
crankshaft angle between the start of the injection and the oc- 
currence of the spark at full load. Reducing this interval brings 
skipping, ‘and increasing the interval causes afterburning, but 


Fig. 17) Inpicator Carps TAKEN ON THE A-C O1n ENGINE 
14 14 14 14 14 Exhaust condition............ I I I 8.8. Smoke 
Cylinder no.............. 1 1 1 1 50/50 50/50 50/50 Self Self 
1051 908 750 612 456 Running knocks............... i 
Boam load, lb........... 292.4 300 307 311.5 301 Indicator spring scale, lb per in... 300 300 300 300 300 
Rev. per 2 lb of fuel...... 2504 2537 = 2538 2540 2549 Pump timing, deg............... 60 60 60 60 60 
Exhaust-gas temp, F..... 1290 1240 =1130 1020 900 Magneto timing, deg............ 12 12 12 12 12 
Jacket-water temp, F.... 138 152 140 138 146 Manifold vacuum, in. Hg....... 1.375 1.0625 0.75 0.4375 0.3125 
86 86 8 7 82 
I = invisible, S.S. = slight smoke. 
2 40 T 4 40 
20 
1OF 140,000 
Qa a 
0 120,000 4 0 Mery: 120,000 @ 
v 
40 80,000 
30} 60,000 0.000 & 
20 x Pre c D pres. to Max Pres. 
e 10 41100 av x to Max Pres. a 
0 Fue/ Rate ° 3 
500 32 2 
Max Pres 500 Max Pre 0900 23 
16000 y < ain 
Pres Q Men, 44000 
400600. 800 1000 1200°00° 


Fie. 19 Resutts OBTAINED WITH A STANDARD CAM ARRANGEMENT 
In THE INJECTION PumMP 


(Results for No. 6 cylinder with 60-deg pump timing and 12-deg spark 
timing.) 


never skipping. The fact is that any engine can be made to 
perform by simply retarding the spark. Thus, if an injector 
were not operating properly and the fuel is not being distributed 
or atomized, a longer period of time is required for the ignitible 
mixture to form. This would seem to be a function of the time 
required for vaporization of the fuel, since vaporization is a time 
function. 

Turbulence was found to be necessary for high-speed full-load 
operation with the open-type combustion chamber and with the 
spark located opposite the injector. We have good reason to 
believe that in the Allis-Chalmers oil engine, the chief benefit 
derived from the turbulence within the combustion chamber 
is to effect uniform mixing throughout the entire chamber by 
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continuous agitation and movement of the mixture which facili- 
tates ignition and increases the rate of flame propagation. 
However, no amount of turbulence will make up for a partially 
plugged nozzle tip, and the engine will skip until the injector is 
repaired. It is believed that in an absolutely uniform mixture, 
turbulence will not be necessary. This is impossible to attain 
in practice, but as it was approached, performance of the engine 
was enhanced in the same degree. At speeds below 1000 rpm 
and part-load operation, turbulence was found to be not only 
unnecessary but to be very undesirable. 

The following figures present data relating to performance of the 
engine: 

Fig. 21 shows the part-load performance when engine is set 
rich. Fig. 22 shows a set of indicator cards taken at various loads 
of the engine. Fig. 23 shows a set of weak-spring cards taken 
at variable speeds and fully opened throttle. Note good evacua- 
tion of exhaust gases. Fig. 24 shows a set of full-load cards 
taken during a torque-curve run. Figs. 25 and 26 show the full- 
load performance curves, both observed and corrected, of the fully 
equipped engine with fan, radiator, air cleaner, water pump, and 
generator. A standard set of apparatus was used. The fuel 
oil was Stanolex No. 3. The lowest fuel consumption was 
0.440 lb per bhp-hr and the maximum indicated mep was 115 lb 
per sq in. 

The engine runs at all speeds and loads with invisible exhaust. 
At very low-speed lugging a slight color in the exhaust appears. 
The engine will idle as low as 160 rpm consistently. There is no 
crankcase dilution, no deposit of carbon on the pistons or on 
the valves. 

Engine will operate on gasoline, kerosene, distillates, and com- 
mercial Diesel oil or domestic furnace oils, as long as the fuel will 
flow at surrounding temperature. Gasoline, kerosene, and dis- 
tillates when used are to be mixed with 3 to 5 per cent engine 
lubricating oil which is required for lubrication of the injection 
apparatus. 
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Fue. INJECTION 


The development of this oil engine consumed two years of 
research work, but the author believes that only a start has been 
made with this new-type oil engine. Much research work still 
remains to be done before the fuel-injection spark-ignition engine 
will assume its proper place among internal-combustion engines. 
The engine described in this paper is now in regular production 
and is used in crawler-type tractors and for power units. 

(Figs. 22, 23, 24, 25 and 26 appear on the pages immediately 
following. | 


53 Deg 


& &xp Com Exp. Comp. 
Fic. 20 Inpicator Carps SHOWING THE INFLUENCE OF PuMpP TIMING ON THE 
RaTE OF COMBUSTION 
Pump timing 58 deg a 53 deg ~ 
a b b 
Test no 12-1 12-1 12-1 12-1 12-1 12-1 12-1 12-1 
Cyl. no ; 4 4 4 4 4 4 + 4 
Speed, rpm........ ; 1100 925 629 725 1060 944 774 640 
Beam load, Ib....... 197 207 195 190 186.5 201 200 197 
Rev. per 2 lb of fuel..... 3514 3516 3568 3441 3483 3466 3478 3530 
Exhaust-gas temp, F.... 1200 1100 1000 1020 1280 1170 1100 1020 
Jacket-water temp, F... 138 139 120 145 140 142 140 136 
Exhaust condition. . . I Haze Haze L.H. L.H. L.H. L.H. 
Ignition.... 50/50 Self Self Self Self 
Indicator-spring scale, lb per in. . 300 300 300 300 300 300 300 300 
Magneto timing, deg.......... : 15 15 15 15 10 10 10 10 
Manifold vacuum, in. Hg......... 1.187 1 0.625 0.687 1.125 1 0.687 0.562 


I = invisible; S = spark; L.H. = light haze; L.P. = light ping; H.P. = heavy ping. 
1 Occasional miss. 


53 Deo _~58 Deg 


(b) 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


I = invisible; S.S. = slight smoke; S = smoke. 


Fie. 24 

Cylinder no 1 

Rev. per 3 ib 2504 
Exhaust-gas temp, F........... 1290 
Jacket-water temp, F.......... 138 
Exhaust condition...........- I 


I = invisible; 8.8. = 


50/50 


d 
14 14 
1 1 
750 612 
307 311.5 
2538 2540 
1130 1020 
140 138 


I 8.8. 
50/50 Self 


@ Corrected to a barometric pressure of 29.92 in. Hg, and 60 F. 
slight smoke; S = smoke. 
Nore: When these cards were taken the injection pump was fitted with a special cam to give an increased rate of fuel discharge, see Fig. 18. 


Self 


Exp. M p 
Fic. 22. Inpicator Carps TAKEN ON THE A-C O1L ENGINE aT Various Loaps 
a b c d e f Gerd...... a b d e 
Test no.. 13-1 13-1 13-1 13-1) 13-1 18-1 13-1 Exhaust condition I I I I I I 
Cw. O0....... 6 6 6 Ignition. . Ss 
wr Speed, rpm............ 1040 1075 1081 1125 1145 1160 470 Indicator- “sprin scale, lb per in. 300 300 300 300 300 300 80 
Beam load, lb... .. . 296.5 254 204.5 116.6 56 Idle Idle Pump timing, deg. ... 60 8660 60 60 60 60 60 
Rev. per 2 lb of fuel. . 2366 2778 3240 4345 5641 7502 9466 Magneto timing, dex.. ee 12 12 12 12 12 1 
Exhaust-gas temp, :... 1360 1410 1410 1460 1460 1360 800 Manifold vacuum, in. He.. . 1.375 4 6.625 12.125 16.375 20 21.78 
Jacket-water temp, F.. 154 146 140 150 142 142 174 
I = invisible; S = spark. 
Nore: When these cards were taken the injection pump was fitted with a special cam to give an increased rate of fuel discharge, see Fig. 18. 
(a) (b) (c) 
(a) fe) 
Int G Exh. «| Int. Exh. 
Fig. 23 Weak-Sprinc Inpicator Carps TAKEN ON THE A-C ENGINE aT VARIOUS SPEEDS AND Wi1pE-OPEN THROTTLE 
Test no.. 14 14 14 14 14 Exhaust cenditicn I I I 8.8. 
Cylinder no... 1 ll 1 1 1 Air temp, F.. 82 86 82 80 82 
1050 905 770 602 450 indlenter: “sprin, scale, lb per in. . 16 16 16 16 16 
Beam load, lb. 205 302.2 309.5 309.5 302.3 Pump timing, deg.............. 60 60 60 60 60 
Rev. per 2 lb fuel. . Sr 2518 2534 2553 2563 Magneto timing, deg... etslos 12 12 12 
Exhaust-gas temp, 1220 1010 875 Manifold vacuum, in. Hg....... 1.6 1.126 0.75 0.5 0.3125 
Jacket-water temp, F............ 138 136 138 135 138 


Indicator-sprin Ib in. 100 100 100 100 
Pump timing, deg. Af RET 60 60 60 60 60 
Magneto timing, deg. . 12 12 12 12 12 
Manifold vacuum, in. Hg.......... 1.375 1.0625 0.75 0.4375 0.3125 
Barometric pressure, in. 29. 29.55 29.55 29.55 29.55 
Air temperature, F.... ree 86 84 78 82 
Indicated mep, lb per sq in. 108 110°) 110 108 
Corrected indicate mep, lb per sqin. a 412 114 «115 113 112 
1.037 1.037 1.036 1.03 1.034 
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A Review of Existing Psychrometric Data in 


Relation to Practical Engineering Problems 


By W. H. CARRIER,! NEWARK, N. J., anp C. O. MACKEY,? ITHACA, N. Y. 


The authors review and correlate available psychro- 
metric data, and discuss the application of these data to en- 
gineering problems. They analyze and correlate existing 
data with reference to deviations of observed wet-bulb 
temperatures from those of true adiabatic saturation. 
The paper also includes a tabulation of revised psychro- 
metric values in accordance with the latest physical data 
with correction factors for all normal variations of baro- 
metric pressures. The authors make an analysis and give 
a demonstration of the proper method of employing 
the psychrometric heat function previously defined as the 
“total heat less the heat of the liquid,” and afterward 
referred to in psychrometry as “‘total heat.’”’ For this 
function the authors offer the term “sigma function,” 
to distinguish it from the enthalpy or true total heat which 
includes the heat of the liquid. 


N VIEW of the present wide employment of psychrometric 
data in various fields, and particularly in the field of air 
conditioning, and also in view of the fact that there have 

been numerous questions raised as to the limits of accuracy of 
existing data, it seems opportune to review and correlate, as far 
as possible, the past research in this field and to discuss the ap- 
plication of these data to engineering problems. 


OBJECTIVES OF PAPER 
First Objective. 


The analysis and correlation of existing data 


1Chairman of the Board, Carrier Engineering Corporation. 
Mem. A.8.M.E. Mr. Carrier was graduated from Cornell University 
in 1901 and upon graduation accepted the position of research engi- 
neer with the Buffalo Forge Company. Five years later he became 
chief engineer. As the science of air conditioning developed under 
his guidance he saw the necessity for a separate organization and 
accordingly the Carrier Engineering Corporation was formed in 1915. 
Mr. Carrier is a member of the American Society of Heating and Ven- 
tilating Engineers and a past-president of the American Society of 
Refrigerating Engineers. He is the author of various scientific 
papers, among them a paper entitled ‘‘Rational Psychrometric For- 
mulae’’ presenting the theory and practical data on which the art of 
air conditioning has been founded and in recognition of which he was 
elected to Sigma Xiin 1914. Mr. Carrier was awarded the A.S.M.E. 
Medal in 1934 for his work in air conditioning. 

? Professor of Heat-Power Engineering, Cornell University. Pro- 
fessor Mackey was graduated from Cornell in 1926 with the degree of 
M.E. and for the next two years served as instructor of experi- 
mental engineering at the University. He then was made assistant 
professor of heat-power engineering and this year received a full pro- 
tessorship. He is the author of articles on psychrometric principles 
for the American Society of Heating and Ventilating Engineers and 
the American Society of Refrigerating Engineers. He is a member 
of the scientific fraternities Sigma Xi and Tau Beta Pi. 

Contributed by the Heat Transfer Committee of the Process 
Industries Division and presented at the Annual Meeting of THE 
AMERICAN Society OF MECHANICAL ENGINEERS, held in New York, 
N. Y., November 30 to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


with reference to deviations of observed wet-bulb temperatures 
from those of true adiabatic saturation. 

Second Objective. Presentation of a tabulation of revised 
psychrometric values in accordance with the latest physical data 
with correction factors for all normal variations of barometric 
pressures. The purpose of this is to permit the ready use of 
standard psychrometric data or charts for any other barometric 
pressure without involved calculations. The latter is a device 
that has long been needed and is of particular value in accurate 
calculation of test data. 

Third Objective. An analysis and a demonstration of the 
proper method of employing thg important and useful psychro- 
metric heat function, previously defined by Carrier in 1911 (1),* 
as the “total heat less the heat of the liquid,” and afterward re- 
ferred toin psychrometry as “total heat.” For this function will 
now be offered the term, the “sigma function” to distinguish it 
from the enthalpy or true total heat which includes the heat of the 
liquid. 


DEVIATION OF OBSERVED Wer-BuLtB TEMPERATURE 
TEMPERATURE OF ADIABATIC SATURATION 


In the past 25 years, most of the engineering calculations 
involving humidity in air have been based on the psychrometric 
chart presented in 1911 by Carrier (1). The values given 
were based, not primarily, as many assume, on observed wet-bulb 
temperatures with a sling psychrometer, but on calculated values of 
adiabatic saturation. The paper (1) showed that experimentally 
the two values were in close agreement. However, test data 
presented in the original paper (1) in 1911 indicated two sources 
of deviation of the wet-bulb temperature from the temperature 
of adiabatic saturation. The first was the radiation factor which 
was indicated by the difference between the reading of an un- 
shielded wet bulb and a wet bulb completely shielded from radia- 
tion, and the second was the difference between the reading of a 
radiation-shielded wet bulb and the observed temperature of 
adiabatic saturation, where the radiation-shielded wet bulb ap- 
parently gave the lower reading of the two. In view of the theory 
advanced, the latter variation was, however, thought at the time, 
to be due to an apparatus error. 

Later observations conducted by Arnold (2) and by Dropkin 
(3) have shown the latter assumption to be incorrect and that it 
is not only possible, but in accordance with physical laws that 
the latter variation should exist. However, these two sources of 
deviation are in opposite directions tending to neutralize each 
other, and it has been proved that there is a definite air velocity 
where there is exact agreement between the wet bulb (not shielded 
from radiation) and the actual temperature of adiabatic satura- 
tion. Carrier’s 1911 experiments (1) would indicate this velocity 
to be about 2000 fpm. Dropkin’s test (3) would indicate it to be 
slightly over 1000 fpm. Arnold (2) would fix this velocity at 
about 500 fpm. Computations from his theory give a still 
lower value as shown in Appendix 1. The authors’ present 
correlation would indicate it to be at an intermediate velocity 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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probably in the neighborhood of 800 to 900 fpm. Assuming the 
velocity of air over a sling psychrometer to be between 1000 and 
1500 fpm, the present correlation, as shown in Fig. 1 and Ap- 
pendix 2, would give the deviation of the wet-bulb depression as 
approximately —0.005. In other words, to the observed tem- 
perature of the wet-bulb thermometer there should be added 
approximately 0.5 per cent of the wet-bulb depression to obtain 
the true temperature of adiabatic saturation for use in the 


homogeneity of most normal atmospheres. It is for this reason 
that it has been the general practice heretofore, to employ the 
psychrometric chart, even in connection with direct psycbromet- 
ric observations. Although more recent data and theory change 
the supposed variation from plus to minus, the actual discrep- 
ancy is probably no greater than that previously assumed. 

Fig. 1 gives the correlation of four independent investigations 
of the percentage deviation of the wet-bulb depression from that 
corresponding to the true temperature of adiabatic 


saturation for different velocities, and also indi- 


cates the probable percentage of radiation error. 


,N PER CENT 


A full discussion of the data employed and the 


ARNOLO (RADIATION CALCULATED) 


CARRIER 191i (RADIATION EFFECT 
OROPKIN 1936 (FROM TESTS) 
CARRIER-LINOSAY EQUATION (FROM TESTS-wB: 70% 


method of their correlation are given in Appendix 
2. Here also will be found discussion of the 
_ various methods of experimental approach that 


are available for further research of these im- 


portant relationships. Attention should be called 


to the fact that for extremely accurate determi- 
nations, the present data are not in sufficient 


agreement to be wholly trustworthy nor have 
they been sufficiently explored for wide variations 


in wet-bulb temperatures; hence, the present cor- 


relation is only claimed to be tentative. These 


T (CARRIER) a 


data, however, are probably as accurate as is the 


Tests OF 


barrgw | | present assumed value of 0.24 for specific heat of 
5 | ae air, which is possibly in error as much as plus or 
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WET BULG TEMPERATURE — TEMPERATURE OF ADIABATIC SATURATION 


2 a minus 0.5 per cent. Complete psychrometric re- 
search will not only determine the relation of the 


wet-bulb temperature to the temperature of 
adiabatic saturation and to the moisture content 


of the air, but will also, perhaps, provide the 
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Fic. 1 CorrEeLATION oF Existing Psycnrometric Data WiTH 


ARNOLD THEORY 


psychrometric chart or tables. Arnold’s theory and data, given 
in Appendix 1, would indicate a greater variation, but actually 
he did not observe the temperature of adiabatic saturation, but 
calculated it, while Dropkin made direct observations of this tem- 
perature. 

In any event, it appears that the best criterion to be employed 
in psychrometric measurements and the preparation of psy- 
chrometric charts and data, is the temperature of adiabatic 
saturation, because: (1) It is independent of velocity and has 
an exact physical basis, while the wet-bulb temperature differs 
from it slightly by amounts varying with velocity. (2) The 
relation between wet-bulb temperature and that of adiabatic 
saturation is a basic ratio in Arnold’s theory which is the most 
satisfactory theory so far advanced and which appears to be 

-sound in principle. (3) The exact deviations of the wet-bulb 
temperature still remain to be determined experimentally. (4) 
In air-conditioning practice, psychrometric observations are of 
quite secondary importance to the thermal calculations for 
which the present type of chart is ideally suited. 

Moreover, except for exact research work, the error in sub- 
stituting the adiabatic-saturation temperature for the observed 
wet-bulb temperature is negligible, being, generally, a smaller 
error than that probable in commercial thermometry. For 
example, in a 20-F observed depression, the deviation probably 
lies between —0.1 F and 0.2 F which would require the em- 
ployment of thermometers of extreme precision. In fact, the 
deviation is less than the variation between two successive ac- 
curate thermometer readings, because of the lack of perfect 


most reliable method for evaluating the specific 


heat of air. 


PRESENT RATIONAL PsyCHROMETRIC THEORY 


The close experimental agreement of the ob- 
served wet-bulb temperature with the tempera- 
ture of adiabatic saturation is, as stated by 
Lewis (4) in discussion of the Arnold theory, largely fortui- 
tous, i.e., it holds approximately true for the water-air 
combination. If an atmosphere were chosen having a somewhat 
lower molecular weight, as illuminating gas for example, it would 
hold still more exactly. With combinations of evaporating 
fluids and atmosphere having wide differences in molecular 
weights, and therefore in diffusivities, there has been proved by 
Arnold to be a pronounced discrepancy between the tempera- 
ture of adiabatic saturation and the wet-bulb temperature. 

There were previously two theories extant. The first was 
that there was a film of saturated air at the temperature of 
adiabatic saturation surrounding the wet bulb or at the surface 
of the evaporating liquid. This, at high velocities, was me- 
chanically distributed in constant relative proportions into the 
surrounding air and the result was in accord with the simple law 
of mixtures. The second, and opposing theory, was that of 
Regnault and Maxwell who analyzed the process primarily in 
accordance with the laws of molecular diffusion, which they as- 
sumed to be the controlling process. Carrier arrived at the 
former theory independently through experimental data ob- 
tained in air-conditioning and drying processes, and also by com- 
paring the calculated temperature of adiabatic saturation with 
the wet-bulb temperatures given in psychrometric tables of the 
U. 8. Weather Bureau. 

Carrier and Lindsay (5) recognized the force of the diffusion 
theory, but in view of the results of Lindsay’s experiments, they 
considered the process of adiabatic saturation to be a limiting 
case. In other words, the wet-bulb temperature could reach 
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that of adiabatic saturation but could not go below it. Later 
observations have shown these data and the assumptions based 
thereon, to be in error. Dropkin, employing the experimental 
equipment of Carrier and Lindsay, obtained definitely higher 
adiabatic saturation temperatures. This discrepancy can be 
attributed to an inadvertent defect in the equipment as used by 
Carrier and Lindsay. The supply pipe providing the water to 
wet the boundary surface had become plugged with dirt so that 
the process was not adiabatic as assumed. Dropkin corrected 
this instrumental error and thus obtained different results. Ar- 
nold approached the problem from a different angle, using vapors 
of far lower diffusivity than water vapor, and correlated the 
deviations observed in a most ingenious and apparently satis- 
factory manner. His theory is a combination of the diffusion 
theory with the adiabatic saturation or mechanical mixture 
theory. 

In the evaporative process there are apparently two zones 
having different temperature and moisture gradients. The first 
zone is that next to the liquid having purely nonturbulent or 
laminar flow; the second and outer zone is that in which there 
is primarily turbulent flow. In the first zone, molecular diffu- 
sion controls; in the second zone, mechanical mixture predomi- 
nates. To give a homely analogy of this effect, assume that a 
crowd of people are swarming from the street to an elevator sys- 
tem and that a similar crowd are swarming from the elevator in 
the opposite direction, to the street. The area through which 
they are passing from the street to the elevator, at their own 
speed of locomotion, represents the diffusion zone, while the 
conveyance in the elevator is purely mechanical and the rate of 
transportation is not affected by their personal activities. The 
elevator system corresponds to the second zone of mechanical 
mixture. If, to complete the analogy, we assume that the 
swarming crowd consists of two classes of people, one class being 
heavier and slower and the other class being lighter and more 
active, then it is obvious that the rate of progression on the 
street level will be more rapid for the lighter people than for the 
heavier people, while in the elevator the rate of progression will 
be identical. This gives an almost perfect analogy of what hap- 
pens in the evaporative process. If we still further assume that 
the total numbers of the crowds ascending and descending are the 
same but that in the crowd ascending there is a much larger 
percentage of the small active people than there is in the crowd 
descending, we will complete the analogy. However, in the 
case of the evaporation from the wet bulb there is the limiting and 
controlling factor that the two processes, one producing an in- 
flow of heat and the other an outflow of heat must be equal in 
effect, as is the case in adiabatic saturation. Since that portion 
of the air film actually in contact with the water surface is 
saturated at the temperature of the water film, and since the 
effect of difference in diffusion between air and water vapor is 
apparently small, relative to the effect of the combined diffusion 
and mixing process, the actual error in the assumption of equiva- 
lence of the wet-bulb and adiabatic saturation temperature is 
small and commercially insignificant, except possibly at high wet- 
bulb temperatures. 


Conract-MIxTURE ANALOGY 


From the foregoing considerations there may be deduced an 
approximate empirical relationship based on contact and subse- 
quent mechanical mixture. This analogy is most successfully 
employed in problems involving the heating and cooling of air 
and also to the evaporation and condensation of water vapor in 
connection with this process. This merits special attention be- 
cause of the facility with which all problems of this character 
can be correlated and solved with a minimum of experimental 
data, to a satisfactory degree of exactitude for engineering pur- 


poses. A more detailed discussion of this valuable analogy is 
given in an accompanying paper by W. H. Carrier (11). 


THERMAL ProperTIES OF Moist AIR AND BAROMETRIC CorRREC- 
TIONS 


In view of the most recently accepted data on the properties of 
water vapor at low temperatures and the specific heat of air, it 
seemed desirable to prepare an exact tabulation of the psychro- 
metric and thermal properties of moist air based on these data. 

The properties of water vapor are based on the latest steam 
tables of Keenan and Keyes, about to be published, which are 
somewhat changed, at low temperature, from the older tables pub- 
lished by Keenan, but are more nearly in accord with the corre- 
lated values employed in Carrier’s psychrometric chart 1911 (1) 
and with Goodenough’s values. 

In previous psychrometric charts by Carrier and tables by 
Goodenough, Swann’s values for the specific heat of air were em- 
ployed. More recent investigations by other methods seem to 
indicate that these were slightly too high. Although it is known 
that specific heat is not constant, the differences between the 
experimental values of the specific heat at constant pressure of 
dry air, as given by the International Critical Tables, are as great 
as the changes with temperature, at least within the range of tem- 
peratures important in air conditioning. Consequently a value 
of 0.240 is employed in the present data. This value is nearly 1 
per cent lower than that previously employed. The degree of 
accuracy does not compare with the accuracy of the properties of 
water vapor, and these tables will require revision when more 
accurate specific-heat values are available. The specific heat of 
water vapor varies with the vapor pressure and the degree of 
superheat. For wet-bulb temperatures below 100 F and for 
normal degrees of superheat, it can be taken as 0.45 without caus- 
ing appreciable error in psychrometric calculations. For higher 
wet-bulb temperatures, other values should be employed. It 
will be noted that the present values differ slightly from previous 
values, largely owing to the accepted change in specific heat of 
air. The present psychrometric charts can hardly be read with 
sufficient accuracy to distinguish the difference. For more ac- 
curate work, however, such as is required for test codes, the 
values given in the present tabulation should be employed. 

The tabulation given in Table 1 is arranged to give the vapor 
pressure, the grains of moisture and the sigma function (i.e., 
the enthalpy of the mixture minus the enthalpy of the liquid), per 
pound of dry air. It also gives the grains of moisture to be sub- 
tracted from these values for each 10 F depression and, by inter- 
polation, for any depression. As the latter relation is nearly a 
straight-line function, interpolation is easy and extremely exact. 

This table gives all the data required for any psychrometric 
determination or calculation at standard barometric pressure ex- 
cept the correction for the enthalpy of the liquid in cooling or 
heating air, i.e., when there is a change in the sigma function. 
The latter correction is easily calculated, but for convenience Fig. 
2 is given which permits reading the correction directly for any 
initial moisture content and for any change in wet-bulb tem- 
perature. The sigma function is, as in previous tables, a con- 
stant for any temperature of adiabatic saturation or approxi- 
mately for any wet-bulb temperature. Except for the changes 
in constants, the same formulas are employed as in the original 
psychrometric charts. These are correct for temperatures of 
adiabatic saturation regardless of slight deviations of wet-bulb 
temperatures from the temperatures of adiabatic saturation. 

In this paper the following symbols are employed: 

t = dry-bulb temperature, F 

t’ = temperature of adiabatic saturation or corrected wet- 
bulb temperature, F. For convenience it will be referred 
to as “‘wet-bulb temperature” 
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= vapor pressure, in. Hg 

= vapor pressure corresponding to the temperature of 
adiabatic saturation 
barometric pressure, in. Hg 
weight of moisture per pound of dry air 
weight of moisture per pound of dry air when saturated 
at a temperature corresponding to temperature of adia- 
batic saturation t’ 
change in moisture content corresponding to the change 
in some other psychrometric quantity such as dry-bulb 
temperature or the barometric pressure 
the psychrometric heat function which we will term 
“sigma function” and which is a constant for a given 
wet-bulb temperature. It is the enthalpy of the mix- 
ture minus the enthalpy of the liquid 
the change in sigma function corresponding to any 
change in some other psychrometric factor 
a change in the enthalpy of the liquid per pound of dry 
air 

= latent heat of water vapor 
approximately 0.240 = specific heat of air at constant 
pressure 
approximately 0.45 = specific heat of water vapor at 
constant pressure 
specific weight of water vapor 

density of water vapor 


density of dry air at same pressure and temperature 


To determine the change in moisture content AW correspond- 
ing to a change in wet-bulb depression, we proceed as follows: 
The basic psychrometric formula is 


(W’ — W) r’ = (Coe + WCp.) (t — Ut’) = (0.240 + 0.45 W) 
(¢—t’)....{1] 

where W = lb of moisture per lb of dry air. 

We may derive from Equation [1] 

7 (1680 + 0.45 W’) (t —t’) 


r’ + 0.45 (t — t’) 


where W = grains of moisture per lb of dry air. These values 
are given in Table 1. 

For an increase in barometric pressure AP in relation to a 
standard pressure, Po, used in preparing the tables, and for a 
given value of t’ and (t — t’), the following relations may be 
derived 


0.45 (t—t’) 1 


1+ 
AP 


or approximately 


Table 2 may be used to correct the values of W's, Wo, and 
Yo, found in Table 1 for a total pressure of 29.92 in. Hg abs, to any 
given total pressure. 

The following example illustrates the use of Tables 1 and 2. 
Assume standard barometric conditions (Po = 29.92 in. Hg), 
and let it be required to find the specific humidity and the sigma 
function of the air at an observed dry-bulb temperature of 90 F 
and an observed wet-bulb temperature of 69.9 F with the air 
velocity over the bulb approximately 1200 fpm. The probable 
correction to the wet-bulb temperature is 20(0.005) = +0.1 F, 
so the temperature of adiabatic saturation is 69.9 + 0.1 = 70 F. 
From Table 1 the specific humidity W’ for saturation at 70 F, is 
110.3 grains per lb of dry air, and 2 = 33.40 Btu per lb of dry air. 
The value of (W’ — W) for a depression of 20 F is 32.5 grains; 
therefore, W = 110.3 — 32.5 = 77.8 grains per lb of dry air. 
Now, assume the same readings were observed at a barometric 
pressure of 28.37 in. Hg. The corresponding barometric correc- 


LA 


4 


W,sGRAINS OF MOISTURE PER LB.OF ORY AIR AT t, ANDOU, OR INITIAL STATE OF AIR 


Fic. 2. tn oF THE Liquip PounD oF 
Dry Atr CoRRESPONDING TO CHANGES IN TEMPERATURES OF ADIA- 
BATIC SATURATION 
Hy — He = (21 — 22) + (Wi/7000) (ti’ — te’) (21 — Zs) + 
AHf where H; = initial enthalpy of mixture of dry air and water vapor, and 
H: = final enthalpy of dry air, water vapor, and condensate.) 


tion is AP = —1.55 in. Hg. Then, from the equations, or ap- 
proximately, by interpolation from Table 2, AW’ = + 6.2, 
and W’ = 110.3 + 6.2 = 116.5 grains per lb of dry air; AW = 
+6.1, and W = 77.8 + 6.1 = 83.9 grains per lb of dry air; 
A> = 0.93, and = = 33.40 + 0.93 = 34.33 Btu per lb of dry air. 


Tue PractTicaL VALUE OF THE © FUNCTION 


A great deal of confusion has been caused in the past in the 
calculation of changes in heat content of air as well as errors 
in the use of existing data by Carrier’s unfortunate terminology, 
“total heat’’ and the labeling of the psychrometric curve of the 
sigma function as “total heat.” Reference to the original paper 
(1) would have, of course, cleared up this misunderstanding. 
The opening reference to this in the text states: 

“Total-Heat Curve. This curve shows the sensible heat in 
the air above a base temperature of 0 F, plus the latent heat con- 
tained in the water vapor at saturation, but not including the heat 
of the liquid. Since the wet-bulb temperature, or adiabatic 
lines contain all points having the same total heat (neglecting 
the heat of the liquid), the curve serves to determine the total 
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heat in the air under any and all conditions represented by the 
chart.” This term ‘total heat,” should, of course, not have been 
used, even with the explanation because it already had a very 
definite meaning as employed in tables of the properties of vapors 
and did include the heat of the liquid. 

In that text, the example following this statement, however, 
is defective since it does not include the change in the heat of the 
liquid. However, the necessity of including this in exact cal- 
culations was appreciated. This was brought out in the closure 
when referring to the discussion by Gunn (6), wherein it is stated: 

“Mr. Gunn emphasizes the necessity of taking into account 
the heat of the liquid when dehumidifying air by means of a 
cold-water spray or in heating. This has not been taken into 
account in the total-heat curve for a very good reason. It always 
has to be calculated independently, because invariably the con- 
densed moisture will be carried through a different range from 
the air. The heat of the liquid, however, is but a small percent- 
age of the total heat so that only a small percentage correction is 
necessary.” 

This, perhaps is not an adequate explanation for this omission. 
In the first place, a line of constant temperature of adiabatic 
saturation on the psychrometric chart is not a line of constant 
enthalpy. A property of the mixture that does remain exactly 
constant for a constant temperature of adiabatic saturation is 
that property designated by the symbol = in the author’s 1911 
paper (1), and defined as 


Ww 
= 0.24’ + —— = 0.24t + —— |r’ t—t’ 
0.24 + 0.2 + lr’ + 0.45 ( t’)] 


where > = Btu per lb of dry air; ¢ = dry-bulb temperature, F; 
t’ = temperature of adiabatic saturation, F; r’ = latent heat of 
the vapor at ¢’, Btu per lb; W’ = specific humidity for satura- 
tion at ¢’, grains per lb of dry air; and W = actual specific hu- 
midity, grains per lb of dry air. 

In other words, the = function is equal to the true enthalpy 
of the mixture minus the enthalpy of the liquid at the tempera- 
ture of adiabatic saturation. The lines of constant = on the psy- 
chrometric chart connect all those states of the mixture for 
which the temperature of adiabatic saturation is the same. 
They also represent the adiabatic process of humidification with 
the liquid supplied at the temperature of adiabatic saturation. 
The observed wet-bulb temperature may be corrected, if neces- 
sary, by the amount indicated elsewhere in this paper, to give 
the temperature of adiabatic saturation. Then, with the tem- 
perature of adiabatic saturation and the total pressure known, 
the = function may readily be obtained. 

In calculating the heat supplied during heating processes or 
the heat removed during cooling processes, the = function may 
be used provided a correction is made for the noninclusion of the 
enthalpy of the liquid. For example, the heat added per pound 
of dry air in a heating and humidifying process is 


Qn = ho — hy (a= 


W. 


W. Ww 
= 22 — 2 + — ts) — 


where ¢, is the temperature of the water supplied for humidifying, 
and the primed temperatures are those of adiabatic saturation 
(wet-bulb temperature). 

For cooling and dehumidifying process, the quantity of heat 
removed per pound of dry air is 


Q- 


| 
= 
| 
|= 
| 
= 
= 


Ws ts) 
7000." ° 


Ww 
21— 23 + (t's —ts) — 


where ¢; is the temperature at which the condensate is removed 
from the surface. 

For precise calculations based upon the use of psychrometric 
tables, the principal objection to the use of the true enthalpy of 
the mixture is that this enthalpy changes with dry-bulb tem- 
peratures at constant temperature of adiabatic saturation (or 
wet bulb). Therefore, the tables must include values for the 
enthalpy of the mixture at all degrees of partial saturation. Tllus- 
trations of the use of the = function as contrasted with the use of 
enthalpy follow: 

In all of the examples which follow, the wet-bulb temperature 
will be assumed equal to the temperature of adiabatic saturation. 

Example No.1. Air at a dry bulb of 95 F, a wet bulb of 75 F, 
and a total pressure of 29.92 in. Hg abs is cooled toa saturated 
state at 45 F; the condensate is removed at 45F. Required: the 
quantity of heat removed in Btu per lb of dry air. 

(a) Using the > function: 2, = 37.71; 
32.8 = 98.4; =, = 17.54; and therefore 


131.2 


98.4 
Q. = 37.71 — 17.54 + 7000 (75 — 45) 


= 20.17 + 0.42 = 20.59 Btu per lb of dry air. Fig. 2 
has been prepared to assist in making this calculation. In this 
chart, W, (4: — t:’) is plotted against W, for different values of 
i,’ — t’. For the example cited, enter the chart at W, = 98.4, 
go vertically to ’ — t’ = 30, and read 0.42, which is the amount 
to be added to the difference in the = function to get the heat re- 
moved. The tables and this chart eliminate slide-rule work from 
this calculation and substitute the simplest arithmetic, addition 
and subtraction. 

(b) Using enthalpy: The enthalpy of a partially saturated 
mixture is not precisely equal to the enthalpy of a mixture satu- 
rated at the same wet bulb. The variation of enthalpy with dry 
bulb at a constant wet bulb of 75 F for standard barometer is 


t H H'—H 
75 75 0 38.52 0.00 37.71 
75 85 10 38.41 0.11 37.71 
75 95 20 38.31 0.21 37.71 
75 105 30 38.21 0.31 37.71 
75 115 40 38.12 0.40 37.71 


so that H, = 38.31; W, = 98.4; H, = 17.62; W. = 44.1; and 
therefore 


98.4 — 44.1 
Q, = 38.31 — 17.62 — we er (13) = 20.69 — 0.10 


7000 
= 20.59 


The same result is secured, of course, with either method of 
correct calculation. The advantage of the = function is that 
the extra tabular values for conditions of partial saturation are 
eliminated. Such enthalpy tables are not practical, and any 
engineer who wishes to use the enthalpy method might better 
calculate the enthalpy from the fundamental relation, H = 0.24t 
+ Wh,/7000. The extra work of correcting the = differences due 
to noninclusion of the enthalpy of the liquid just about balances 
the extra work required to correct the enthalpy differences for the 
enthalpy of the condensate. 

Ezample No.2. Saturated air at 80 F and standard barometric 
pressure is cooled to a saturated state at 60 F; the condensate is 
removed at 60 F. Required: the quantity of heat removed in Btu 
per pound of dry air. 
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(a) Using the = function: %, = 42.51; 2, = 26.10; W, 
(t’—’) 


7000" 0.45 (from chart); and therefore 


Q, = 42.51 — 26.10 + 0.45 = 16.86 


(b) Using enthalpies: H, = 43.58 (calculated from for- 
mula); H; = 26.41; W, = 155.6; W. = 77.3; enthalpy of the 


155.6 — 77.3 
condensate = ean (60 — 32); and therefore 
(155.6 — 77.3) 
= 43.58 — 26.41 — ——___—_ — 
Q. 2 7 (60 — 32) 


= 17.17 —0.31 = 16.86 


Example No. 3. Air at a dry bulb of 95 F, a wet bulb of 65 F, 
and a total pressure of 29.92 in. Hg abs is cooled to a saturated 
state at 45 F; the condensate is removed at 45 F. Required: 
the quantity of heat removed in Btu per pound of dry air. 


(a) Using = function: 2, = 29.56; = 17.54; 


= 0.13 (from chart); and therefore 
Q, = 29.56 — 17.54 + 0.13 = 12.15 


(b) Using the enthalpies: H, = 29.77; H, = 17.62; W; = 
44.2; W, = 44.1; and therefore 


(44.2 — 44.1) 
7000 


Some will be interested in the liberties that may be taken with 
these exact solutions. For example, if the = function be used, 
what error is introduced by ignoring the correction for non- 
inclusion of the enthalpy of the liquid? If the enthalpy tables be 
used, what error is introduced by the double neglect of the 
variation of enthalpy at constant wet bulb and also of the en- 
thalpy of the condensate? These errors are indicated as follows: 


Example 


Q, = 29.77 — 17.62 — (13) = 12.15 


Correct value for 


no. heat removed 21 — 22 Hi,’ — A 
1 20.59 20.17 20.90 
2 16.86 16.41 47..17 
3 12.15 12.02 12.38 
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THE Function BELOW THE FREEZING Poinr 


There has been considerable controversy 
regarding the so-called “total heat” curve when 
extended below 32 F. This has risen from a 
misunderstanding of the definition or inter- 
pretation of total heat as formerly used. This 
total-heat curve, as explicitly stated by Cuar- 
rier, excluded the enthalpy of the liquid. © For 
this important psychrometric property we now 
propose the term “the sigma function” or 
“sigma” to distinguish it from  total-heat 
content or enthalpy. This is defined in the 
original paper (1) as the sensible heat in the 
air above base temperature of 0 F plus the latent 
heat contained in the water vapor at saturation. 
Others have assumed that the so-called total- 
heat curve did or should contain the heat of 
the liquid. This, as we have shown is not 
desirable in psychrometric calculations. Fig. 
3 gives the correct curve for the sigma func- 
tion of air for temperatures of adiabatic 
saturation between 0 and 100 F. This, as 
will he noted, is a discontinuous curve at 32 F. 
Above 32 F it is given for the evaporation 
over water and below 32 F, for evaporation 
over ice. The enthalpy curve for the mix- 
ture is, however, a continuous curve. The 
sigma curve for values above 32 F can be ex- 
trapolated as a continuous curve for temperatures below 32 F 
which represent evaporation from subcooled water. Both 
of these conditions can actually be secured in practice 
although this can best be illustrated by observing the action of a 
wet bulb in an air current in a room in which the wet-bulb tem- 
perature is below 32 F, as for example in an egg cold-storage 
room. 
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After dipping the wet bulb in water slightly above 32 F and 
exposing it to air motion, the reading will drop rapidly and con- 
tinuously to a minimum temperature below 32 F. This mini- 
mum temperature occurs without freezing the water on the bulb. 
Suddenly after reaching this minimum temperature, the reading 
will jump abruptly back to 32 F where it will remain for some 
length of time, until the water on the wick has completely frozen, 
then it will gradully fall to a second minimum where it will re- 
main permanently until the ice on the bulb is evaporated. The 
second wet-bulb reading, where evaporation occurs over ice, 
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will be either higher than the previous reading, or lower, or the 
same, depending upon the degree of humidity. For example, 
in an egg cold-storage room with a wet-bulb temperature of 28 F 
and relative humidity between 85 and 90 per cent, the second wet- 
bulb reading will be higher than the first, while at 50 per cent 
relative humidity, for example, and the same wet-bulb tempera- 
ture, the second reading will be lower than the first. At 32 F, 
the wet-bulb reading over ice is always lower than the wet-bulb 
reading over water. These variations of wet-bulb depressions 
whether the wick is still wet or frozen, are due, first, to the change 
of sigma value which is greater for ice than for water, and second, 
the opposing effect of lower vapor pressures over ice below 32 F 
as compared with those of subcooled water. The 
variations in wet-bulb depressions over water and over ice 
in the region below 32 F are illustrated graphically in 
Fig. 4. 

It is interesting to note that below 32 F, air may be 


TABLE 3 
IN. HG) FOR VARIOUS ADIABATIC-SATURATION (WET-BULB) 


properties at standard barometric pressures of air below 32 F is 
given in Table 4. 

Table 5 gives the corrections in specific humidity and sigma 
below 32 F for differences in barometric pressure. 


CONCLUSIONS 


1 The temperature of adiabatic saturation is a most im- 
portant criterion as well as a most useful function in psychromet- 
ric tables and engineering calculations. 

2 The observed wet-bulb reading at higher velocities are 
below the temperature of adiabatic saturation rather than above 
as previously assumed. ‘The credit for this determination and 
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(Vapor pressures are those of subcooled water) 
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actually saturated at two different temperatures; the “. F ae z 2F 4F 6F OF 12F 14F 16F 
first being the saturation condition over ice and the it 0.0738 10:8 62 
‘ iti 0 £68 81 

second, the saturation condition over subcooled water 
If air is cooled and humidified at the same time, it is pos- 14 0:0886 19.38 6.87 3.1 6.2 9.8 ... 
sible to approach saturation at a vapor pressure above is 0: 0023 13:5 3.83 8.2 13.4 

it .26 3. 2 9.8 12. 
that over ice. The air is clear and will not fog but it is is fue ay fe ties 63 iss 
not a stable condition as a contact with any object in 19 0.1050 15.3 6.94 3.1 6.2 9.3 12.4 
the room will produce condensation or frosting. Air 20 0.1006 16.0 7.38 3. 6.2 9.3 12.4 15.5 
16. 62 3.1 6.2 9.3 12.4 15.8 
saturated over ice will produce a wet bulb depression 
with a sling pyschrometer if the reading is taken before 23 0.1245 18.2 8.33 3.1 6.2 9.3 12.5 15.6... 
the ice freezes on the bulb. These are all very interest- 25 0.1353 19:8 8:08 31 8.3 0.4 12:5 15:6 18.7 ; 
ing and instructive phenomena in this region below 39 31:5 9:79 3.1 63 9.4 12:8 186 187 
freezing. 28 0.1532 22.4 10.17 3.1 6.3 9.4 12.5 15.6 18.7 21.8 

The argument has been offered that the enthalpy of satu- 29 (0.1597 23.3 10.55 3.1 6.3 9.4 12.5 15.6 18.7 21.8 
; : i 30 0.1663 24.3 10.04 3.1 6.3 9.4 19.5 15.6 18.8 31.9... 

rated or partially saturated air forms a continuous curve 39 198) 3.1 6.3 9.4 12:5 15.6 18:8 21:9 25.00 
and not a discontinuous curve. This statement is as cor- 32 0.1803 26.4 11.73 3.1 6.3 9.4 12.5 15.7 18.8 21.9 25.00 
rect for enthalpy of moist air as it is for enthalpy of water 
vapor, but the sigma function does not form a continuous pagiE 4 PROPERTIES OF MOIST AIR AT STANDARD BAR, (29.92 IN 
curve. The reason for this is that the abrupt change in HG) FOR VARIOUS ADIABATIC-SATURATION (WET-BULB) TEMPERA- 


sigma is exactly counterbalanced by a corresponding abrupt 
negative change in the enthalpy of the liquid. The real 
cause for the abrupt change in the latent heat of the “, F 


vapor at 32 F is the sudden change in slope inthe vapor- —4? 
pressure curve that occurs at this point, as shown in Fig. —30 


4. Referring to this figure, it will be seen that there is —20 
necessarily quite a different slope (dp/dT)) for the two pres-  —15 
sure curves at this point, but the vapor pressures are iden- 
tical; the specific weights of the paper are identical and 
the specific volume of the vapor is identical, therefore, in 
the Clapeyron equation, which must of necessity be ther- 
modynamically valid, we find the latent heats to be in 
direct proportion to the slope. If these slopes are correctly 
calculated, the difference in their ratio will correspond to 
144 Btu per lb, or exactly the latent heat of ice. 

A study of the interesting psychrometric phenomena in 11 
the region below 32 F emphasizes again the psychrometric 12 
significance of the sigma function. It is certain that wet- 14 


| 


bulb readings, below 32 F have approximately the same be 
relationship to the temperature of adiabatic saturation as . 
they do above 32 F. Since the error is a function of the 19 
depression and the depression below 32 F is necessarily 20 
small, an error in the assumption that the wet-bulb tem- 2 
perature over ice is the same as the temperature of adia- 23 
batic saturation over ice, is a negligible error in compari- p+ 


son with the accuracy of observation. Therefore, the 26 
authors believe that the calculated values of adiabatic 28 
saturation can be used with confidence as equivalent to 
wet-bulb temperature for psychrometric readings in this 30 
region. A tabulation of the thermal and psychrometric 32 


TURES t’/ AND DRY-BULB TEMPERATURES ¢ 


(Vapor pressures are those of ice) 
‘—_ W tot — t’ 


— 

e’ w’ z 1F 2F 4F 6F 10F 12F 14F 
0052 75 -—8.27 
0070 02 -—7.02 
0094 37 —5.76 
0126 84 —4.48 
0167 44 -3.17 38 2.75 
0220 22 -1. 38 2.75 
0289 21 —0.47 38 2.75 
0377 49 +0.96 
0397 1.25 

55 


S 
© 
CO 


4 
1 4 8 6.5 . 
7 2. 4 
1 2. 4 S Go . 
5 2. 4 
9 3. 4 
3 3. 4 8 5.5 8.3 
f 3. 4 5.5 8.3 
0629 1 3.99 1.4 2.8 5.65 83. 
0661 6 4.31 28 6.0 .. 
0730 10.6 6.07 8.4 3.8 6.6 8.3 
0767 11.2 5. 4 5.6 8.3 41.0 
0806 «11.8 2.4 3:8 6.6 6.8 21.0 .. 
0847 12.4 2-8 34 239. 
0889 13.1 1.4 23.8 8.3 11.0... 
0933 13.7 2:4 35 646 33 
0979 14.4 7.05 1.4 2.8 5.5 8.3 11.0 13.8 
1028 15.0 7.41 2:4 3.8 6.5.6.3 13.0 288... 
1078 15.7 2.8 6.5 .. 
1131 16.5 8.16 1.4 3.8 6.6 8.3 11.0 13.8... 
186 17.3 8.54 1.4 2.8 5.5 8.3 11.0 13.8 16.6 
1243 18.2 8.92 1.4 2.8 5.5 8.3 11.0 13.8 16.6 
1303 19.0 9.32 1.4 2.8 5.5 8.3 11.0 13.8 16.6 
1366 19.9 9.71 1.4 2.8 5.5 8.3 11.0 13.8 16.6 19.3 
1432 20.9 10.17 1.4 2.8 5.5 8.3 11.0 13.8 16.6 19.3 
500 21.9 10.57 1.4 2.8 5.5 8.3 11.1 13.8 16.6 19.3 
1571 23.0 10.98 1.4 2.8 5.5 8.3 11.1 13.8 16.6 19.3 
1645 24.1 11.39 4 2.8 5.5 8.3 11.1 13.8 16.7 19.3 
1723 25.2 4 2.8 5.6 8.3 11.1 13.8 16.7 19.3 
4 #2.8 5,5 8.3 
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ADDITIVE CORRECTIONS TO STANDARD TABULAR VALUES OF W’, W, AND = FOR 


DEVIATIONS IN BAROMETRIC PRESSURE FROM 29.92 IN. HG 


(Vapor pressures are those of ice) 


TABLE 5 

AP = +1 =—1 AP =—2 
AW Az AW Az AW 
—40 -0.00 0.00 


0 -0.17 —0.03 17 0.03 0.37 0.07 
1 —0.2 —0.03 2 0.04 0.4 0.07 
2 -0.2 —0.03 0.04 0.08 
3 -0.2 —0.03 0.2 0.04 O.5 0.08 
4 -—0.2 —0.04 0.2 0.04 0.5 0.09 
5 -0.2 —0.04 0.2 0.04 O.5 0.09 
6 -0.2 —0.04 0.3 0.05 0.5 0.09 
7 -0.3 —0.04 0.3 0.05 0.6 0.10 
8 —0.3 -0.05 0.3 0.05 0.6 0.10 
9 -0.3 —-0.05 0.3 0.05 O.6 O.11 
10 —0.3 -—0.05 0.3 0.05 0.7 0.11 
11 -—0.3 —0.05 0.3 0.05 0.7 0.12 
12 —0.3 —0.06 0.4 0.06 O.7 
13. -0.3 —0.06 0.4 0.06 0.8 0.13 
14 —-0.4 —0.06 0.4 0.07 0.8 0.14 
15 —0.4 —0.07 0.4 0.07 0.8 0.15 
16 —0.4 —0.07 0.4 0.07 O99 0.15 
17 -0.4 —0.07 0.4 0.08 0.16 
18 -0.4 —0.08 0.5 0.08 1.0 0.17 
19 0.5 —0.08 0.5 0.09 1.0 0.18 
20 —-0.5 —0.08 0.5 0.09 0.19 
21 -—0.5 —0.09 0.5 0.10 1.3 0.20 
22 —0.5 —0.09 0.6 0.10 ie 0.21 
23 -—0.6 —0.10 0.6 0.10 1.2 0.22 
24 -0.6 —0.10 0.6 0.11 1.3 0.23 
25 -—0.6 —0.11 0.7 0.11 1.4 0.24 
26 -0.7 —0.11 0.7 0.12 1.4 0.25 
27 -0.7 -0.12 0.7 0.13 1.5 0.26 
28 -0.7 -0.13 0.13 1.6 0.27 
29 -0.8 -0.13 0.8 0.14 1.7 0.29 
30 -—0.8 —-0.14 0.8 0.15 1.7 0.30 
31 -0.8 -0.14 0.9 0.16 1.8 0.32 

9 -0.15 0.9 0.18 1.9 0.33 


whore 


AP = —3 AP = —4 AP = —5 AP = —6 
A Az AW A AW Az AW Az 
.07 0.01 0.09 0.02 0.11 0.02 0.14 0.02 
.08 0.01 0.12 0.02 0.15 0.03 0.19 0.03 
11 0.02 9.16 0.03 0.20 0.04 0.26 0.05 
17 0.03 0.21 0.04 0.27 0.05 0.35 0.06 
230.04 0.28 0.05 0.37 0.06 0.46 0.08 

0. 

0. 

0. 


Note: These corrections are approximately true when vapor pressures are those of subcooled water. 


the rationalization of the underlying theory belongs to Arnold. 
His contribution not only clarifies the phenomena of the wet-bulb 
temperature and correlates it with the temperature of adiabatic 
saturation, but also is most valuable in predicting and inter- 
preting the results obtained in heat transmission with moist 
air. 

3 While the observed wet-bulb temperatures, under cer- 
tain conditions, may be lower than the temperature of adia- 
batic saturation, the present accepted deviation is less than pre- 
viously assumed. ‘This is fully confirmed by the data of both 
Arnold and Dropkin, with water evaporating into air. The best 
method of employing psychrometric charts or tables, is to make a 
correction of the wet-bulb temperature corresponding to the 
velocity to obtain the true temperature of adiabatic saturation 
and then to determine the psychrometric values from the latter 
temperature. This is due to the fact that the correction varies 
somewhat with the velocity while the temperature of adiabatic 
saturation is a constant. For extremely accurate results, it is 
important to measure the velocity at which the wet-bulb tem- 
perature reading is taken. 

4 The difference between the enthalpy of the mixture and 
that of the liquid, i.e., the sigma function, is more useful and 
practicable in thermal calculations than the enthalpy alone. 
Enthalpy cannot be employed without complete tabulation of 
enthalpies for all percentages of saturation or use of an enthalpy 
chart. In addition, a correction has to be made for the enthalpy 
of the condensate. By employing the sigma function, a single 
table or curve may be employed for the saturated vapor which 
will apply to all wet-bulb temperatures and needs only to be 
corrected for the change in enthalpy of the liquid to give the 
true difference in enthalpy. 

5 Below the freezing point, air may have two states of satura- 


31 0.05 38 0.07 0.49 0.08 0.61 0.11 
40 : 0.14 
50 0.08 65 0.11 0.85 0.15 1.06 0.18 
.60 0.11 0.84 0.15 1.10 0.19 1.38 0.22 
‘6 O.11 0.9 0.16 1.1 0.20 1.4 0.23 
‘7 0.12 O.9 0.17 1.2 0.21 1.4 0.25 
‘7 0.13 1.0 0.17 1.2 0.22 1.5 0.26 
‘8 0.13 1.0 0.18 1.3 0.23 1.6 0.28 
‘8 0.14 1.1 0.19 1.4 0.24 1.7 0.29 
‘8 0.15 1.2 020 1.4 0.25 1.8 0.31 
‘9 O.15 1.2 O21 1.5 0.26 1.9 0.32 
‘9 0.16 1.3 0.23 1.6 0.28 2.0 0.34 
‘(0 0.17 1.4 0.24 1.7 0.29 2.1 0.37 
0 0.18 1.4 0.25 1.8 0.30 2.2 8.39 
1 0.19 1.5 0.26 1.9 0.32 2.4 0.41 
1 0.20 1.6 0.27 2.0 0.34 2.5 0.4 
2 0.21 1.7 0.29 2.1 0.36 2.7 0.46 
2 0.22 1.7 0.30 2.2 0.388 2.8 0.49 
3 0.23 1.8 0.32 2.3 0.40 3.0 0.52 
4 0.24 1.9 0.33 2.5 0.43 3.1 0.54 
5 0.26 2.0 0.35 2.7 0.45 3.3. 0.57 
5 0.27 2.1 0.36 2.8 0.48 3.5 0.61 
6 028 2.2 0.38 3.0 0.51 3.7 0.64 
7 0.29 2.3 0.40 3.1 0.53 3.8 0.67 
8 0.30 2.4 0.42 3.2 0.56 4.0 70 
8 0.32 2.6 0.44 3.4 0.59 4.2 0.73 
9 0.34 2.7 0.47 3.5 0.62 4.5 0.7 
0 0.35 2.8 0.49 3.7 0.65 4.7 0.81 
1 0.37 3.0 0.52 3.9 0.68 4.9 0.85 
2 0.39 3.1 0.54 4.1 0.71 5.2 0.90 
3 0.41 3.2 0.57 4.3 0.75 5.4 0.94 
5 0.43 3.4 0.59 4.5 0.78 5.6 0.98 
‘6 0.45 3.6 0.62 4.7 0.82 5.9 1.03 
7 0.47 3.7 0.65 4.9 0.85 6.1 1.07 
8 0.49 3.9 0.68 §.1 0.89 6.4 1.12 
0 0.52 $4 0.70 5.3 0.92 6.7 1.17 
tion—that over water and that over ice. Two different wet-bulb 


temperatures may be observed for the same moisture content, 
depending upon whether the water on the bulb remains liquid or is 
frozen. In this the wet-bulb reading follows the laws of adiabatic 
saturation. 

6 The empirical contact-mixture theory can be applied most 
advantageously in the solution of all problems of heating, cooling, 
evaporation and condensation with a mixture of air and water 
vapor under forced convection. 


Appendix 1 
Tue ARNOLD THEORY 


When a wet-bulb thermometer is placed in a stream of gas 
which is in turbulent motion, there is a layer of gas near the 
thermometer in laminar or viscous motion. At greater distances 
from the thermometer, the type of motion changes from laminar 
to turbulent, and beyond this the motion is entirely turbulent. 
The convection theory applied to the wet-bulb hygrometer by 
August assumes that a film of saturated gas surrounds the wet 
bulb and that the transfer of heat and vapor occurs by convec- 
tion; the resistance to these processes in the laminar film is 
neglected. The diffusion theory proposed by Maxwell assumes 
that the transfer of heat and vapor is limited by the speed of the 
molecular processes of conduction and diffusion and that resist- 
ance to transfer of heat and vapor external to the laminar film is 
negligible. Each of these theories represents a limiting condi- 
tion; the August theory probably holds very well at high veloci- 
ties of the gas, while the Maxwell theory is adequate at zero gas 
velocity, only, however, if there is no transfer of heat by radiation 
to the liquid on the bulb. Neither theory completely describes 


—35 -0.01 0.00 0.02 0.00 0.05 0.01 x 
—30 -0.03 -0.01 0.03 —0.01 0.08 0.01 
~25 -0.04 -0.01 0.04 -0.01 0.11 0.02 
—-0.06 —0.01 0.06 —0.01 0.15 0.02 
-15 —0.08 -0.02 0.08 -—0.01 0.20 0.03 
4 -10 —0.11 -0.02 0.11 -0.02 0.24 0.04 
5 —0.14 -0.02 0.14 -0.02 0.31 0.05 
0 
0 
0 
0 
0 
0 
: 
| 
| 
4 
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the phenomena that actually exist at common velocities, such 
as those involved when a sling psychrometer is used. 

Dr. Arnold (2) has applied the Prandtl analogy between 
heat transfer and friction and developed a more complete theory 
that combines the resistances, both to transfer of heat and vapor, 
of the laminar and turbulent zones. According to this theory, 
the coefficient of heat transfer is given by 


where h, = the coefficient of heat transfer; k = the specific 


thermal conductivity of the gas-vapor mixture; = = the Prandtl 


number for the gas; By, = the equivalent thickness of an as- 
sumed laminar layer in resisting flow of heat; and r = the ratio 
of the fluid velocity at the boundary between the laminar and 
turbulent layers to the average velocity of the main fluid stream. 

A similar theory applied to the transfer of vapor gives the 
following expression for the coefficient of vapor transfer 


where f, = the coefficient of vapor transfer; D = the coefficient 
of vapor diffusion, p the density of the gas; » = the absolute 
viscosity of the gas; M, = the molecular weight of the gas; and 
Bp = the equivalent thickness of an assumed laminar layer in 
resisting the transfer of vapor. 

Many of the equations written for the wet-bulb hygrometer 
are of the following form 


where e’ = the saturation pressure of the vapor at the wet-bulb 
temperature; e = the partial pressure of the vapor in the mixture; 
P = the total pressure of the mixture; ¢ = the dry-bulb tem- 
perature; and t’ = the wet-bulb temperature. By experi- 
mental observation of these five factors, A may be found. 

However, the Arnold theory may be completed to predict 
the value of A. The liquid on the wet bulb attains a steady tem- 
perature as a consequence of the equilibrium that exists between 
the rate of heat transfer from the gas to the liquid and the rate 
at which heat is utilized in evaporating that liquid. If radiation 
is ignored, then 


where M, = the molecular weight of the liquid, and r’ = the 
latent heat of vaporization of the liquid at the wet-bulb tempera- 
ture. 

A complete equation is obtained by combining Equations [1], 


[2], and [4], so that 
l—r 
Bp M,C 


[5] 


A’ = 


If there is any radiation to the wet bulb, A is greater than A’, 
and this effect can be included in the theory, since 


where h, = the coefficient of heat transfer by radiation, and h, = 
the coefficient of heat transfer by convection as given in Equation 
[1]. 


The value of A predicted by this theory is 

we” r h, 
ByM,r' ( 
k r 


Dr. Arnold assumed that By = Bp, in other words, that the 
equivalent thickness of the laminar layer in resisting the trans- 
fer of heat is the same as the equivalent thickness of this hypo- 
thetical laminar layer resisting the transfer of vapor, and his 
final equation for the wet-bulb hygrometer is 


A= 


— 
e’—e (+ wi r 
= 


k r 


Tue Process OF ADIABATIC SATURATION 


In the process of adiabatic saturation of a gas-vapor mixture a 
liquid is supplied to a saturator, and the mixture of gas and vapor 
becomes saturated during the flow through the saturator with no 
external transfer of heat. The principle of conservation of 
energy, when applied to such a process, will predict the tempera- 
ture of adiabatic saturation 4. If there is no appreciable change 
in elevation or velocity of the fluids, no external supply or removal 
of heat or mechanical energy, and if the liquid is supplied at the 
temperature of adiabatic saturation, the energy balance has 
been shown by Carrier (1) and others to give the following equa- 
tion 


P—e P—e M,C 
= 19} 
t— t, M, 
where e. = the saturation pressure of the vapor at t2 
e =the partial pressure of the vapor in the origina! 
mixture 
P = the total pressure of the mixture 


t = the initial dry-bulb temperature 

t, = the temperature of adiabatic saturation 

M, = the molecular weight of the gas 

M, = the molecular weight of the vapor 

C = the humid specific heat of the mixture 

r,; = the latent heat of vaporization of the liquid at t 


For values of e and e, small in comparison with P, this equa- 
tion may also be written, in approximate form, as 


Since e, and r, depend only upon tz, the temperature of adia- 
batic saturation is given for any mixture of known initia] condi- 
tion. This temperature is fixed, regardless of the relative rates 
of transfer of heat and vapor, as long as the mixture is adiabati- 
cally saturated. The energy balance, alone, will not fix the 
terminal state of the mixture for incomplete saturation, however. 

The Wet-Bulb Temperature and the Temperature of Adiabatic 
Saturation. A comparison of Equations {3], [7], and [10] 
shows that the wet-bulb temperature ¢’ will equal the tempera- 
ture of adiabatic saturation when 
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l—r 


ar0........ 
k r 


If we follow the Arnold theory to the last step and assume 


By = By, then t’ = t2 when 
Dp r h, 
}+— 
Cu + l—r h, 
k r 


l—r 
Dp 
and 
h, 
F=1 


For a given liquid-gas system the value of Z is determined 
principally by the velocity of the gas past the wet bulb. At 


l—r 
zero velocity, the value of is zero, and E becomes equal to 


Gp’ * the ratio of thermal diffusivity to vapor diffusivity, 
/p 

which is the result predicted by the Maxwell theory. For a given 
system r is inversely proportional (7), approximately, to the one- 


eighth power of the velocity and at infinite velocities ier 


becomes infinitely large and E = 1, which is the result predicted 
by the August theory. At all intermediate velocities, the resist- 
ance of the laminar film to the transfer of heat and vapor de- 
creases more rapidly than the resistance offered by the turbulent 
zone when the velocity increases. The value of the correction 
for the radiation effect F depends primarily upon the wet-bulb 
temperature and the gas velocity. At constant velocity, F 
increases as the wet-bulb temperature increases; at constant wet- 
bulb temperature, F decreases as the velocity increases and ap- 
proaches unity at very high velocities. Therefore, for any gas- 
vapor system having values of E less than one, since F is unity or 
higher there may be some combination of velocity and wet-bulb 
temperature giving a product EF equal to one. In other words, 
there may be some one velocity at a given wet-bulb temperature 
where the wet-bulb temperature and the temperature of adia- 
batic saturation will be identical. 

The Wet-Bulb Hygrometer for Water-Air Miztures. The 
various properties of the air and water vapor, necessary in apply- 
ing the previous general theory to this particular mixture, 
change slightly with changes in temperature, but for air-condi- 
tioning calculations it will be sufficiently accurate to take these 
properties at one temperature, say 60 F. The following values 
will be used in the calculations: 


= 0.075 lb per cu ft = 0.00233 slugs per cu ft 

= 0.242 Btu per lb per deg F = 7.8 Btu per slug per deg F 
= 3.74 (10 — 7) lb sec per sq ft 

= 0.014 Btu ft per hr per sq ft per deg F 

= 3.9 (10)~* Btu ft per sec per sq ft per deg F 

= 0.00026 sq ft per sec 


= 0.000215 sq ft per sec 


rE OQ? 
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Cu 

k 0.748 

— = 0.616. 

Dp 

= 0.02 ft, and 


The assumed diameter of the thermometer is d 
Reynolds’ number will then be 


where V = the air velocity, fpm. 
The coefficient of heat transfer by radiation for the case of a 
wet-bulb thermometer in a relatively large enclosure has been 


shown (8) to be h, = 4 (p) (0.00172) where h, = the 


100 
coefficient of heat transfer by radiation, Btu per hr per sq ft per 
deg F; p = the emissivity of the surface; and T’ = the wet-bulb 
temperature, F abs. 

Using p = 0.9 for the water-covered surface 


T° 
h, = 
0.0062 (=) 


Values of h, are given in Table A1 for several different wet-bulb 
temperatures. 


TABLE Al THE COEFFICIENT OF HEAT TRANSFER BY 


RADIATION 


Wet-bulb temperature, hr 
F Btu per hr per sq ft per deg F 


40 0.775 
50 0.825 
60 0.875 
70 0.925 
80 0.980 


Ulsamer (9) and McAdams (10) have correlated the results of 
King, Hughes, Reiher, and others for the coefficient of heat trans- 
fer for the flow of air normal to single cylinders. Between values 
of Reynolds’ number of 10 and 40,000, these results may be very 
closely fitted by the following empirical equation 


h 0.52 
ha = 0.48 
k 


For the assumed properties of air and the thermometer diame- 
ter, this equation becomes 


h, = 0.49V0-8 


Values of h, are given in Table A2 for several different veloci- 
ties. 


TABLE A2 COEFFICIENT OF HEAT TRANSFER BY CONVEC- 
TION FROM AIR TO THERMOMETER 


Air velocity Coefficient of heat transfer 

V, fpm Btu per hr per sq ft per deg 
10000 59.0 
3000 31.0 
2000 25.0 
1000 17.7 
500 12.5 
400 11.0 
300 9.5 
200 
100 5.4 
20 2.3 


Dr. Arnold determined the value of the psychrometric coef- 
ficient A by experiments with toluene, chlorobenzene, and xylene 
as the liquids, and then calculated E for each liquid at several 
different velocities. Since the Prandtl number for air and the 
velocity distribution as indicated by r are not materially af- 
fected by the liquid on the wet bulb, a plot of Z, for one liquid 
versus FE, for another liquid should a a straight line passing 


mt CoD. . The experi- 


through the points (1, 1) and 


q 
— = 2.08 J 4 
: 
: To simplify the discussion that follows, let : = 
4 
i 
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mental date for chlorobenzene and xylene verified this theory 
and also gave a velocity scale for the plot, from which it is pos- 
sible to determine the value of E for water at different velocities. 
Such values are given in Table A3. 


TABLE A3 VALUES OF E FOR WATER 


Air velocity V, fpm E 
10000 0.947 
3000 0.930 
2000 0.923 
1000 0.913 
500 0.905 
400 0.902 
300 0.898 
200 0.892 
100 0.884 
20 0.852 


TABLE A4 RESULTS OF ARNOLD THEORY 


Convection 
Radiation coefficient, 
coefficient, Air Btu per hr 
Wet-bulb Btu per hr velocity, per sq ft per 
temp, per sq ft fpm eg 
t’", F hr V hg F E EF 
40 0.775 10000 59.0 1.0131 0.947 0.959 
3000 31.0 1.0250 0.980 0.953 
2000 25.0 1.0310 0.923 0.952 
1000 1.0438 0.913 0.953 
500 12.5 1.0620 0.905 0.961 
400 11.0 1.0705 0.902 0.966 
300 9.5 1.0816 0.898 0.971 
200 A 1.1006 0.892 0.982 
100 5.4 1.1435 0.884 1.011 
20 2.3 1.3370 0.852 1.139 
50 0.825 10000 59.0 1.0140 0.947 0.960 
3000 31.0 1.0266 0.930 0.955 
2000 25.0 1.0330 0.923 0.953 
1000 17.7 1.0466 0.913 0.956 
500 12.5 1.0660 0.905 0.965 
400 11.0 1.0750 0.902 0.970 
300 9.5 1.0868 0.898 0.976 
200 es 1.1071 0.892 0.988 
100 5.4 1.1528 0.884 1.019 
20 2.3 1.3587 0.852 1.158 
60 0.875 10000 59.0 1.0148 0.947 0.961 
3000 31.0 1.0282 0.930 0.956 
2000 25.0 1.0350 0.923 0.955 
1000 17.7 1.0494 0.913 0.958 
500 12.5 1.0700 0.905 0.968 
400 11.0 1.0795 0.902 0.974 
300 9.5 1.0921 0.898 0.981 
200 we 1.1136 0.892 0.993 
100 5.4 1.1620 0.884 1.027 
20 2.3 1.3804 0.852 1.176 
70 0.925 10000 59.0 1.0157 0.947 0.962 
3000 31.0 1.0298 0.930 0.958 
2000 25.0 1.0370 0.923 0.957 
1000 17.7 1.0523 0.913 0.961 
500 12.5 1.0740 0.905 0.972 
400 11.0 1.0841 0.902 0.978 
300 9.5 1.0974 0.898 0.985 
200 OF § 1.1201 0.892 0.999 
100 5.4 1.1713 0.884 1.035 
20 2.3 1.4022 0.852 1.195 
80 0.980 10000 59.0 1.0166 0.947 0.963 
3000 31.0 1.0316 0.930 0.959 
2000 25.0 1.0392 0.923 0.959 
1000 17.7 1.0554 0.913 0.964 
500 12.5 1.0784 0.905 0.976 
400 11.0 1.0891 0.902 0.982 
300 9.5 1.1032 0.898 0.991 
200 1.1273 0.892 1.006 
100 5.4 1.1815 0.884 1.044 
20 2.3 1.4261 0.852 1.215 


The complete results of the application of the Arnold theory 
are given in Table A4 for five different wet-bulb temperatures and 


for 10 air velocities at each wet-bulb temperature. In Table A5 
TABLE A5 
Wet-bulb temperature, Velocity of air when t’ = &, V, 
fpm 
40 125 
50 145 
60 167 
70 195 
80 235 


are given the velocities at five different wet-bulb temperatures, 
where application of the Arnold theory predicts an equality of 
wet-bulb and adiabatic-saturation temperatures. 


Appendix 2 


CORRELATION OF EXPERIMENTAL RESULTS 


Carrier Experiments of 1911. Experiments on the effect of 
radiation upon the reading of a wet-bulb thermometer were 
performed by Carrier and reported in Appendix 1 of the 1911 
paper (1). In these experiments, one wet-bulb thermometer was 
placed in a tube with an evacuated annular space; all surfaces 
of this tube were kept wet. The same air was circulated over 
this wet-bulb thermometer, which was shielded from radiation 
effects, and over an unshielded wet bulb. The differences be- 
tween the readings of these two wet-bulb thermometers were re- 
ported as a percentage of the wet-bulb depression for six differ- 
ent air velocities. 

Carrier-Lindsay Experiments of 1924. The results secured by 
Carrier and Lindsay (8) with the adiabatic saturator described 
in Appendix 3 of their 1924 paper (8) are not presented here, 
since Dropkin’s results (3) with the same apparatus are believed 
to be more accurate. However, the apparatus described in 
Appendix 4 of the same paper (8) gives a good indication of the 
effects of velocity upon the reading of the wet-bulb thermometer, 
since simultaneous observations of wet-bulb depressions at 
like air conditions and different velocities are obtained. 

Dropkin Experiments of 1936. Dropkin (3) observed the devia- 
tion of the wet-bulb temperature from the temperature of adia- 
batic saturation at several different velocities with the adiabatic 
saturator used in the Carrier-Lindsay experiments. Due to im- 
provements in the apparatus, his results are probably more ac- 
curate than the original ones. 

Arnold Experiment of 1933. Arnold secured one experimental 
point for the water-air system. His experiment was performed 
with dry air at one velocity only. The psychrometer was a 
side-arm U-tube; the dried air entered the U-tube through the 
side arm, passed through the U-tube to the annular space be- 
tween the wet-bulb thermometer and the tube wall and left 
through the second side arm. 

In the correlation of the experimental results, Dropkin’s 
results were plotted directly on a coordinate system with air 
velocity as abscissa and wet-bulb temperature at entrance to 
saturator minus wet-bulb temperature at exit from saturator 
divided by entering wet-bulb depression as ordinate. Only 
those results of Dropkin’s with wet-bulb depressions less than 22 
F were used, and the deviations at one velocity for several 
wet-bulb depressions were averaged arithmetically. These 
results are shown in Table A6. 


TABLE A6 
Air velocity, 100 ( wet-bulb temp—ad-sat. temp 

fpm initial wet-bulb dep. 
2000 —0.88 
1750 —0.74 
1500 —0.69 
1250 —0.66 
1000 +0.19 

750 +1.03 


The results at the higher velocities are probably more reliable 
because they are more consistent. At the lower velocities, dis- 
crepancies between the deviations at two different wet-bulb de- 
pressions and the same velocity are very great. For example, at 
750 fpm, the deviation is —0.14 per cent for a wet-bulb depression 
of 7.16 F, and +1.12 per cent for a wet-bulb depression of 10.72 
F and practically the same wet-bulb temperature. Therefore, 
little faith can be placed in the average result at 750 fpm; there 
is some reason to believe that the lowest experimental devia- 
tion at one velocity may be correct, for any failure to maintain 
completely wetted surfaces will cause high positive deviations 
with the adiabatic saturator. Dropkin (3) also found some 
difficulty in maintaining steady conditions at the low air veloci- 
ties. 
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The next step in the correlation was to place the line repre- 
senting the readings of a wet-bulb thermometer completely 
shielded from radiation upon the coordinate system. A com- 
bination of Equations [8] and [10] in Appendix 1 for the water-air 
system gives 


Cr re 


For the extremely small differences between the wet-bulb 
temperature t’ and the temperature of adiabatic saturation bh, 
Equation [13] may also be written in a much simpler form with 
negligible error. This approximate equation is 


For the perfectly shielded wet-bulb thermometer, F = 1.0, 
and for this case 


or 


The Arnold theory predicts the values of E for water-air 
given in Table A3 of Appendix 1. Arnold’s one experimental 
point, however, at an air velocity of 736 fpm, gives EF = 1.115. 
The equivalent value of Z, if Arnold’s radiation factor of 1.174 
be used, is 0.95. This point does not fall on the straight line 
representing a plot of FZ for water versus F for toluene passing 
through the points (1, 1) and (2.59, 0.83). Instead, this experi- 
mental point agrees very well with the value of E that might be 
calculated from Dropkin’s results for this air velocity. Because 
of this close agreement, the method used for obtaining EZ was 
to draw a straight line through Arnold’s experimental point on 
his plot of EZ for water versus E for toluene and the point (1, 1). 
The velocity scale obtained by Arnold for his tests with chloro- 
benzene and toluene was then used to find # for water at differ- 
ent velocities with the results shown in Table A7. Plotting those 
results gives the line for the shielded wet-bulb thermometer 
shown in Fig. 1. Quantitatively, these results indicate that, 
at a velocity of 1000 fpm, the shielded wet-bulb thermometer 
reads a temperature 4.9 per cent of the wet-bulb depression 
lower than the true temperature of adiabatic saturation for the 
water-air system. 


TABLE A7 
Wet bulb Radiation Wet bulb 
Modified shielded correction unshielded 
Air velocity, Arnold, “—& (70F) 
fpm Ewater t—t’ F i—?’ 

3000 0.961 —0.039 1.0298 —0.010 
2000 0.957 —0.043 1.0370 —0.008 
1000 0.951 —0.049 1.0523 +0.001 
500 0.947 —0.053 1.0740 +0.017 
400 0.946 —0.054 1.0841 +0.026 
300 0.944 —0.056 1.0974 +0.036 
200 0.942 —0.058 1.1201 +0.055 
100 0.938 —0.062 1.1713 +0.099 
20 0.923 —0.077 1.4022 +1.294 


The line on the graph representing the unshielded wet-bulb 
temperature, as predicted by this modified Arnold theory, may 
then be added by calculating the radiation correction F, and 


finding EF = 1 + ° 


t—?’ 


The calculation of F in Table AS 


is for a wet-hulb temperature of 70 F. The Arnold theoretical 
results given in Appendix 1 predict equality of the unshielded 
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wet-bulb temperature and the temperature of adiabatic satura- 
tion at an air velocity past the wet bulb of about 200 fpm at a 
wet bulb of 70 F. The use of Arnold’s experimental point and a 
modified theory predict this equality at an air velocity of about 
1000 fpm. Furthermore, the modified Arnold curve very closely 
fits the Dropkin experimental points as shown in Fig. 1. 

With the curve representing readings of the shielded wet-bulb 
temperature placed on the original coordinate system, Carrier’s 
results of 1911 which compared readings of an unshielded and a 
shielded wet-bulb thermometer at different air velocities may be 
added. These six experimental points are also shown in Fig. 1. 

It should be noted that the product EF, which equals 
1+ —? may be obtained directly by experiments using an 
adiabatic saturator, like those of Dropkin’s, or by experiments 
like those of Arnold’s, since the psychrometric coefficient A 
equals eo (EF). To predict the reading of a shielded wet-bulb 
thermometer, from experimental results on an unshielded one, 
involves the calculation of the radiation effect, as given by F. 
If the calculated radiation effect is greater than the actual effect, 
the curve representing readings of the shielded wet bulb will be 
too low, and any points referred to this curve will also be low. 

The Carrier-Lindsay experiments with like air at different 
velocities may also be used to predict the position of the un- 
shielded wet-bulb line shown in Fig. 1. Although the abso- 
lute values of the wet-bulb deviation found in the original ex- 
periment are probably not correct, the shape of the original 
curves of wet-bulb deviation versus air velocity should be. An 
empirical equation derived to fit this curve for a wet-bulb tem- 
perature of 70 F is 


t'—t 1 
(V + 20)0-678 


In order to fix the absolute position of this curve, Dropkin’s 
result at 2000 fpm was assumed to be correct. At this velocity, 
the empirical equation gives +0.61 per cent for the wet-bulb 
deviation while the experimental result is —0.88 per cent; there- 
fore, the empirical equation is corrected to fit this point as 
follows 


t’—t 1 


—1—0.0149..... 
1.023 0.0149 {17] 


(V + 


The deviations of the wet-bulb temperature may be found at 
any air velocity from this equation and plotted as shown in Fig. 
1. The shape of this curve is believed by the authors to be 
nearly correct. Dropkin’s results at the air velocities of 750 and 
1000 fpm are believed to be a trifle high, and the air velocity for 
equality of the wet-bulb temperature and the temperature of 
adiabatic saturation is believed to be between 500 and 600 fpm, 
although more experimental results are needed at these veloci- 
ties to confirm this belief. 

The adiabatic saturator is a satisfactory device for future 
experiments. Some apparatus changes may be necessary to 
secure more consistent results at low velocities. Also, thermo- 
couples may be placed in the jacket of the saturator to check 
up on the assumption of adiabatic conditions. By initially 
saturating the air supplied to the heater at some known dew 
point, the state of the air entering the saturator will be known, 
and more complete data may be obtained in future experiments. 
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Appendix 3 
Propertigs OF WaTER, IcE, AND STEAM 


The molecular weight of dry air depends upon the composi- 
tion chosen for the mixture of gases called dry air. If the com- 
position of dry air be taken as that given in vol. 1, page 393 of the 
International Critical Tables, the equivalent molecular weight 
of dry air is 28.966. If water vapor obeyed the gas laws, the 
ratio of the density of water vapor to that of dry air at any com- 
mon pressure and temperature would be 18.016 + 28.966 or 
0.6220. 

In Table AS this ratio of densities for saturated steam is shown 
as calculated from the Goodenough, Keenan, and Keenan and 
Keyes steam tables. 


TABLE A8 SPECIFIC WEIGHTS OF SATURATED STEAM 


density of saturated steam 


Temperature, density of dry air at same p and¢ 
F Goodenough Keenan Keenan and Keyes 
32 0.62239 0.62145 0.62163 
40 0.62249 0.62147 0.62173 
50 0.62262 0.62160 0.62177 
60 0.62270 0.62167 0.62184 
70 0.62248 0.62176 0.62203 
80 0.62244 0.62192 0.62235 
90 0.62289 0.62209 0.62256 
100 0.62307 0.62238 0.62274 

212 0.63077 0.63069 0.63115 
300 0.64750 0.64910 0.64885 
400 0.68956 0.69153 0.69044 


If the deviations from the gas law, denoted by the difference 
between the specific weight of saturated steam and 0.6220, be 
plotted against pressure on logarithmic cross-section paper, 
a straight line will be found to fit all of the Goodenough data very 
closely. The same straight line will fit the Keenan and Keenan 
and Keyes data very closely at the higher temperatures, but at 
the lower temperatures these deviations become negative. The 
equation of this line fitting the Goodenough data is 


specific weight — 0.6220 = 0.0013 p®73......... [18] 


where p = the pressure of the saturated steam, lb per sq in. abs. 

In the preparation of the psychrometric tables included in 
this paper, the authors used the Keenan and Keyes data through- 
out for consistency, but they believe that these specific weights 
are low, and therefore the specific humidities given in the tables 
for saturated air are probably too low. Any error, however, is 
probably very small. 

It is interesting to note that if two steam tables were thermo- 
dynamically consistent, and if each gave approximately the 
same pressure-temperature relations for the saturated vapor, 
then the sigma function, as calculated from either table would 
be the same. This is true regardless of the differences in the 
values of specific volume or latent heat appearing in the two 
tables. If the tabular values satisfy the familiar Clapeyron equa- 
tion, the table giving the greater volume of the saturated steam 
would also give the greater latent heat; specific humidities cal- 
culated from this table would be lower, and the product of 
specific humidity and latent heat would be exactly the same from 
either table. The contribution from the latent heat of the vapor 
to the sigma function of the mixture of dry air and water vapor 
in Btu per pound of dry air at any temperature and at a total 


pressure of P, lb per sq in. abs, is 
dT 


53.3 T 


where 7 = the absolute temperature, F; p = the saturation 
pressure, lb per sq in. abs; v, = the specific volume of the satu- 
rated vapor, cu ft per lb; and w = the specific volume of the 
saturated liquid, cu ft per lb. 


144T (v, — 


The specific volume of the liquid is insignificant in compuari- 
son with that of the vapor at the temperatures involved. Conse- 
quently, the contribution of the latent heat to the sigma func- 
tion of the mixture at any temperature depends only on the 
saturation pressure and the instantaneous rate of change of that 
pressure with temperature. 

Although the value of specific humidity will depend upon 
whose steam tables are used in the calculation, the values of 
sigma function are substantially the same when calculated from 
the Keenan and Keyes tables as when found from the Good- 
enough Steam Tables as shown in Table A9. 

TABLE A9 arts FUNCTIONS CALCULATED FROM 
DIFFERENT STEAM TABLES 


Total pressure = 29.92 in. Hg—-----—— 
Specific humidity for Sigma function, 


Wet-bulb saturation, grains per lb Btu per |b of dry air 
temperature, Keenan and Keenan and 

F Goodenough Keyes Goodenough Keyes 

32 26.47 26.37 11.73 11.73 

40 36.41 36.34 15.16 15.16 

53.47 53.39 20.12 20.13 

60 77.3 77.26 26.09 26.10 

70 110.5 110.3 33.41 33.40 

155.8 155.6 42.53 42.51 

217.6 217.4 53.99 53.99 

100 301.3 301.0 68.62 68.60 


For the properties of mixtures at temperatures below 32 I, 
the saturation pressures of ice were taken from the new Keenan 
and Keyes tables which give such values down to —40 F. The 
pressure of subcooled water was then calculated from the equa- 
tion given in the International Critical Tables, which is 


Pye  —1.1489 (t — 32) 
l —- = - — 0.4105 (10) —§ (¢ — 32)? 
+ 1.558 (10) (¢ 32)3.... [19] 
where p, = the pressure of the subcooled water; p; = the pres- 


sure of saturated ice, in the same units as p,; t = 
ture of the subcooled water, F. 

The latent heats of sublimation were also taken from the 
Keenan and Keyes tables. The latent heats of sublimation 
of ice may also be found by the Clapeyron relation, after differ- 
entiating the equation for the saturation pressure of ice given 
in the I.C.T. A comparison of these latent heats is given in 
Table A10. 


TABLE Al0 LATENT HEAT OF ICE, BTU PER 


the tempera- 


Temperature, F 1.C.T Keenan and Keyes 
32 1215.3 1219.1 
1217.3 1220.7 
—10 1218.0 1221.0 
—20 1218.7 1221.2 
—30 1219.5 1221.2 
—40 1220.3 1221.2 


The latent heats of vaporization for the subcooled water were 
found by subtracting from the enthalpy of the saturated vapor, 
given in the Keenan and Keyes tables, the enthalpy of the sub- 
cooled water, calculated from the empirical equation (t — 32). 

In preparing the low temperature tables, the Poynting effect 
was ignored. It is known that the pressure of a liquid (or solid) 
in contact with a neutral gas and its own vapor is slightly higher 
than that of the liquid in contact only with its own vapor. This 
effect for water and ice below 32 F is given in the International 
Critical Tables as 


459.6 
where Ap = the increase in pressure of water or ice due to the 
presence of air, same units as p; p = the normal vapor pres- 
sure; and?t = the temperature of the water or ice, F. 


The Poynting effect causes an increase in pressure (and, 
also of specific humidity) of about 0.086 per cent at —40 F, 
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with smaller percentage effects at higher temperatures, and may, 
therefore, be safely ignored. 
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The Contact-Mixture Analogy Applied to 
Heat Transfer With Mixtures of 
Air and Water Vapor 


By W. H. CARRIER,' NEWARK, N. J. 


The author derives and discusses the general contact- 
mixture formula for representing physical processes of 
heat transmission and fluid friction, and points out that 
the contact-mixture analogy serves directly and logically 
to correlate heat transfer with fluid friction. He com- 
pares the analogy with the conduction-viscosity theory 
and relates why the contact-mixture analogy explains 
all the phenomena connected with gas flow and heat trans- 
mission. 


ERETOFORE in literature, it has been customary from 
He time of Reynolds to analyze heat transfer and resist- 
ance to flow of gases by using an analogy to the flow of 
viscous fluids. While this method can be made to give a fairly 
good correlation of the phenomena of heating and frictional 
resistance of gases it is not representative of the actual physical 
process, and it is not easily applied, for example, to condensing 
and evaporating of water vapor into air except by the applica- 
tion of another analogy. The author believes it to be quite in line 
with modern physical thought to state that there can be no such 
thing as shear in a gas and therefore there can be no true vis- 
cosity. Also, probably, there is no true conduction in a gas as in 
a solid but only diffusion of molecules continuously in motion. 
Any gas is made up of molecules having different velocities, i.e., 
different temperatures. The energy of the molecule (i.e., the 
absolute temperature) varies directly as the square root of its 
molecular velocity. Therefore, the average temperature of a gas 
composed of molecules having different molecular velocities is the 
average of the square roots of their respective velocities. Wedo 
not know actually what occurs when a gas contacts with a surface 
at a different temperature. We do know, however, that molecules 
in contact with a hotter surface are heated, i.e., their molecular 
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velocity is increased and these high-velocity molecules are diffused 
and are mixed with other molecules of the gas which have not 
been so contacted. Whether they retain their identity as high- 
velocity molecules (which is to be doubted) or whether they im- 
part a portion of their surplus energy to the adjoining molecules, 
which do not contact the surface, is immaterial as far as any 
study on heat transmission is concerned. The average of the 
square roots of the velocity, i.e., the total energy is the same 
whether they retain their energy or whether they impart part of 
their increased energy to other molecules. 

In the process of pure heat conduction in gases, there is no 
mechanical mixture or disturbance due to gravitational effect 
(convection) but only intermolecular diffusion, which depends 
upon the various permanent properties of the gas and its transient 
condition. The rate of heat diffusion, however, is found experi- 
mentally, to obey exactly the analogous laws of heat conduction, 
that is, it is directly proportional both to the distance and to the 
temperature difference between two boundaries. In a steady 
state of heat flow, there is a temperature gradient precisely as 
there is a temperature gradient in a solid, although in the first 
case, the temperature gradient is due solely to material trans- 
portation, while in the second case, it is due to the passage of 
heat from one molecule to another. 

These rather obvious and elementary statements are made in 
the preface in order that there may be no misunderstanding of the 
basis on which the problem is approached. 

When a gas is forced to pass over a surface at relatively high 
velocity, as for example, between plates or through a pipe, the 
main stream of air is turbulent above certain critical velocities. 
However, at all velocities there are two nonturbulent films. The 
first, which is probably ultramicroscopic or molecular in thick- 
ness, is necessarily a dense film of adsorbed gas having approxi- 
mately the density of liquid or, as some physicists claim, even 
greater than that of the liquid. This would appear to be a 
rather permanent film. The second, is a film or zone in which 
there is a laminar flow as distinguished from a turbulent flow, 
ie., all the particles are moving in parallel lines. There is no 
mechanical mixture within this film. Particles pass from the 
surface film through the laminar film only by diffusion and heat 
is conducted only by the process of diffusion, just as though there 
were no motion whatever within the film since the actual motion is 
at right angles to the effective path of molecular diffusion. In 
this film, warmed (contacted) particles pass outward by diffu- 
sion while cold (uncontacted) particles, and also previously con- 
tacted particles, diffuse inward from the outer surface of the 
laminar film to the surface film. There is no sharp demarcation 
between the laminar nonturbulent film and the outer turbulent 
body of air, but a gradual increase of turbulence. However, 
from the standpoint of analysis it is convenient to. consider a line 
of sharp demarcation. The thickness of the adsorbed film does 
not change with the velocity. The thickness of the laminar film, 
however, varies directly with the velocity and at a somewhat 
lower rate, i.e., at a fractional power of the velocity. 

There is a definite temperature gradient in this laminar film 
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and there is also what amounts to a temperature gradient in the 
adjacent turbulent film as shown by Arnold? and referred to in a 
paper by Carrier and Mackey.’ 

The author believes this is a correct statement of the actual 
physical processes which exist in relation to heat transfer and to 
frictional resistance to gaseous flow. 

The expression of relationships through the contact-mixture 
analogy or theory, seems to the author to represent much more 
closely the actual physical processes both for heat transmission 
and for friction than does the quite far-fetched conduction-viscos- 
ity analogy. For practical engineering purposes it is also more 
valuable than the latter. The possible exception to this is where 
there is a secondary process of heat transfer in series. Then, 
for a correct solution, it is necessary to employ the resistance 
concept to combine both processes. This transformation, however, 
is readily made as indicated in the (resistance) formula. The 
analysis itself is so simple as to be almost obvious and in fact 
it is a method used (in effect) many years by those employed in 
manufacture of heating and air-conditioning equipment. 

The contact-mixture analogy involves four approximate as- 
sumptions: 

1 That in any heat-transfer system, whether adiabatic or 
nonadiabatic, there is a definite hypothetical surface tempera- 
ture which is approximately that of the actual surface tempera- 
ture and which can be evaluated experimentally. 

2 That certain particles of the air stream come in actual con- 
tact with this surface and are brought to a temperature and a 
moisture content corresponding to that of the surface film. 

3 That for any unit of a heat-transfer system, there is an 
equivalent of a definite percentage of physical contact of the 
particles of the air stream with the actual surface. This varies 
with the conformation of the surface and with the velocity, which 
variation can be determined experimentally. 

4 On the basis of the three previous assumptions, the process 
of heat and moisture transfer may be considered purely one of 
mechanical mixture, i.e., a mixture of a percentage of contact 
air with the remainder of uncontacted air. 

This method nevertheless gives remarkably accurate and 
consistent results when the two hypothetical factors of surface 
temperature and per cent of contact are once evaluated, by 
experiment, for a given type of surface. These same experiments 
have to be made with any type of surface or any system of heat- 
transfer calculations regardless of what theory is applied, there- 
fore, the same experimental work is involved in any case, but the 
simplification of the results of this approximate and empirical 
basis has been found to give not only extremely accurate results 
for all applications, but greatly simplifies all subsequent engi- 
neering calculations through a very wide range of applications. 

It has been applied with success in engineering to (a) heating 
and cooling of air with heat-transfer surfaces where no change 
in moisture content occurs; (6) calculation of adiabatic-satura- 
tion processes involving humidification and evaporative cooling; 

- (c) calculation of the performance of cooling towers; (d) calcula- 
tion of the performance of “evaporative condensers” such as 
employed in refrigeration; and (e) calculation of cooling and 
dehumidifying of moist air by contact with cold surfaces, as in 
cooling coils and heat interchangers in air conditioning. It also 
has other practical applications. 

It is further interesting to note that if the constants be deter- 
mined for one of the processes, they can be employed with suf- 
ficient commercial accuracy to predict the result with each of the 


2“'The Theory of the Psychrometer,” by J. H. Arnold, Physics, 
vol. 4, July and September, 1933, p. 255 and p. 334. 

3‘*A Review of the Existing Psychrometric Data in Relation to 
Practical Engineering Problems,’ by W. H. Carrier and C. O. 
Mackey, Trans. A.S.M.E., vol. 59, 1937, paper PRO-59-1, p. 33. 


remaining processes. The proof of the accuracy, and therefore 
the value of this correlation, can only be demonstrated by actual 
employment and test of results obtained. This had been done 
with gratifying success. 

In this connection, the common assumption that the evapora- 
tion of water into air is basically proportional to vapor-pressure 
differences, should be contradicted. The process is partly one 
of mechanical mixture and partly one of molecular diffusion. 
The rate of diffusion depends on the relative volumetric propor- 
tions of air and water vapor present in the mixture; in other 
words, upon the relative number of molecules of each in the 
mixture and not upon the vapor pressure. The vapor pressure in 
itself, does not directly cause diffusion as is commonly assumed. 
Indirectly, of course, it is mathematically related solely for the 
reason that the number of molecules present in a mixture is 
proportional to the hypothetical partial pressures and that the 
temperature-pressure relationship of water vapor definitely deter- 
mines the maximum possible pressure of water vapor which can 
exist in a mixture. The vapor pressure itself has nothing to do 
directly with the process of diffusion, as engineers often assume, 
ie., it is not the direct motivating force, although vapor pres- 
sure, partial pressure and molecular diffusion are each the result 
of molecular activity, defined as temperature. This concept is 
important in an understanding of the contact-mixture theory in 
evaporation and condensation. 


DERIVATION OF THE GENERAL Contact-MIxTuRE ForMULA 
Assume a fluid passing over a surface S at a constant rate of flow 
= through a corresponding area A as shown in Fig. 1. If the 


dt 
flow is turbulent, we may assume that an equal number of fluid 
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particles AQz contact each unit of surface AS in a unit of time 
and are mixed uniformly with the remaining fluid Q — / AQ 
(i.e., Q — Q.,). We may further assume that each contacting 
particle acquires a state corresponding to the surface and re- 
tains this state throughout the entire process, also that the un- 
contacted particles retain their original state throughout the 
process; i.e., Q at any point z is a homogeneous mixture of con- 
tacted particles (Q.,) and uncontacted particles (Q — Q..,). 
On this empirical hypothesis the number of new contacts with a 
surface element is in the ratio 


AQs Q 
Since the number of total contacts AQx per element of surface 


AS is assumed constant for any fixed condition of flow and char- 
acter of surface, we may define this constant m as 
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Integrating between the limits 


Q.. 


m 
(3) 
Q 
1 — Q. {6] 
Q.\. 
The ratio { 1 — Q is aptly termed by those employing this 


method as the “by-pass factor” since it represents the ratio of 
uncontacted fluid to the total quantity or the equivalent of the 
proportion by-passed if the remainder be considered subjected 
to a theoretically perfect contact. Usually the contacting 
surface consists of a series of repetitive units of like geometrical 
proportions through which the gas (air) passes in succession 
as for example, rows of staggered pipe or finned tubing or checker 
work (in a forced-draft cooling tower, chemical absorber or gas 
cleaner), or even drops of water. If the surface in the unit is S,, 
and the number of units in a series in the path of the fluid flow is 
n, then Equation [6] becomes 


That is, the by-pass factor for n units in series is the nth 
power of the by-pass factor for one unit. 

In the case of heat interchange or other process in which there 
is a surface equilibrium established, the possible change in sur- 
face condition must be taken into account as well as the element 
of contact. 

Equation [6] may be considered the fundamental equation of 
the contact-mixture analogy. In form and method of analysis 
it is the same as that employed by the author in his 1911 paper‘ 
on the theory of heat transfer from surface to air in heating, and 
in cooling and condensing. However, he transformed this into an 
artificial resistance and conductance concept. The foregoing 
relation, although in part artificial as are all other methods of 
approach nevertheless is often a convenient general and funda- 
mental solution to commercial problems of heating, cooling, 
evaporation and condensation of vapors in gaseous mixtures. 
For combinations other than water and air, however, Arnold’s 
correction ratio for differences in diffusion rates, which is dis- 
cussed in a paper? by Carrier and Mackey, will have to be em- 
ployed. For this purpose Arnold’s study is a most valuable 
contribution. In general, his theory is obviously correct but we 
believe his correlation could be simplified by the use in part of the 
contact-mixture concept instead of the Prandtl analogy. The 
contact-mixture analogy also applies more logically to theory of 
gaseous fluid friction than does the Reynolds’ theory, since there 
is actually no shear in gases and therefore no true viscosity, but 
only loss and gain of momentum of molecules in the processes of 
contact, molecular diffusion, and mechanical mixture. Here 
mechanical mixture and consequent change of momentum are the 
preponderant factors at higher velocities in determining energy 
losses. By analogy, mechanical mixture would seem to be the 


‘ “Air-Conditioning Apparatus,” by W. H. Carrier and F. L. 
Busey, Trans. A.S.M.E., vol. 33, 1911, p. 1055. 
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most important factor in processes of heat transfer at these 
velocities. 

The contact-mixture analogy may also serve to correlate 
directly and logically, heat transfer with fluid friction. It offers 
perhaps a more basic approach than previous methods. 

The following examples will illustrate the use of the contact- 
mixture analogy: 

Example No.1. Assume air to be heated with a series of 
heating elements in which m has been determined by experiment 
for a given air velocity for a given type of surface in accord- 
ance with Equation [7] where n = 1. Assume the surface of 
these elements have the constant average temperature ¢, and 
that the initial temperature of the air is 4. What is the final 
temperature t,? The percentage of noncontacting air, i.e., by- 


passed air is 


This will have its original temperature 4. 
The percentage of contacting air is obviously 


This portion is at the temperature ¢,. 
The temperature of the mixture is obviously 


Su)» + {1 (e—mSu)n} t, 


4£= 


For example, if ; = 20 F, t, = 227 F, e—™S* = 0.70, and 
n — 4, then we will have 


[(0.70)* X 20] + [1 — (0.70)*] X 227] 
(0.24 X 20) + (0.76 X 227) = 177.3 F 


Example No. 2. Assume that the same surface is used in cool- 
ing and dehumidifying air and that the refrigerant tempera- 
ture in cooling coils is 40 F, and that the mean surface tempera- 
ture is 46 F (this varies with the load); that ¢; = 80 F, and that 
the corresponding relative humidity is approximately 50 per cent, 
i.e., that there are 78 grains of moisture per pound of dry air 
( W, = 78). 

Taking t, as 46 F, W, = 46 grains, the by-pass factor is ap- 
proximately the same as before, i.e., 0.24. The final tempera- 
ture t, is 


t 


= (0.24 X 80) + (0.76 X 46) = 54.2 F 
The moisture content W; is 
W, = (0.24 X 78) + (0.76 X 46) = 53.7 grains 


Therefore, the final condition of the air is 54.2 F and contains 
53.7 grains of moisture, approximately. Referring to the psy- 
chrometric chart, the dew point is approximately 50 F, the wet- 
bulb temperature slightly under 52 F, and the relative humidity 
approximately 87 per cent for the leaving air. Moisture cal- 
culations are on the assumption of standard barometric conditions. 

It should, however, be noted that it is possible to obtain 
the same result directly from the chart and the by-pass factor, 
by drawing a line connecting the point corresponding to 80 F 
and 78 grains of moisture to the point corresponding to 46 F 
saturated. Then taking a point on the line located at 24 per 
cent of the length of the line from the saturation point, i.e., 
taking the intersection of this line with the abscissa 8.2 = [0.24 
(80 F — 46 F)] from the 46 F abscissa as shown in Fig. 2, we get 
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graphically the same results of temperature and moisture content 
as before. This necessarily follows from the fact that on the 
chart the grains of moisture are represented as linear functions of 
temperature. This line drawn on the chart represents the cool- 
ing path of the air with respect to both temperature and mois- 
ture as it passes over the surface. The value of employing the 
chart is to show graphically this linear relationship. This is a 
common practice. But it depends entirely upon the approxi- 
mate validity of the contact-mixture analogy. Actually, the 
ratio in change of moisture content should be slightly greater 


$3.7 


than the corresponding ratio of temperature change owing to the 
fact that the rate of moisture diffusion in the laminar film is 
greater than that of the accompanying air. The error will be 
about in the order of the difference between the temperature of 
adiabatic saturation and the radiation-shielded wet bulb. This 
is, as shown in another paper* on psychrometry, somewhere in 
the order of 3 per cent for water vapor and air at high velocities. 
This error would hardly be observable commercially. 

A corresponding process of calculation can be employed in 
determining the results to be obtained from evaporative con- 
densers. In both condensing and evaporating surface, it is usual 
to employ nonferrous extended surface coils and the difference 
between the refrigerant temperature and surface temperature is a 
linear function of the total heat load. This factor has to be 
determined experimentally for each general type of heater. 
Experimental determinations check out within the accuracy of 
observation, the dependability of the foregoing method of cal- 
culation. 


CompaRISON oF Contact-MrixturE ANALOGY WitH ConpbvuctT- 
ANCE FoRMULA 


It is further interesting to compare the general equation of 
the contact-mixture analogy with that obtained by the use of the 
thermal-resistance or thermal-conductance concept. From the 
former analogy, we have the following equation wherein m con- 
tact factor, S = the total surface, t, = the surface temperature, 
4, = the initial temperature of air, and 4 = the final temperature 


te = (e—™S/@) + (1 — [8] 


By rearrangement 


—t, m 


From the conductance concept, we have the general formula 


where K is the coefficient of conductance in Btu per square foot 
per hour of surface per degree difference of temperature; dH is 
the differential rate of heat transfer per unit of time and dS is the 
differential of surface. From the thermal properties of the air, 
where C, is the specific heat of the air; @ is the total weight in 
pounds of air per hour flowing over the element of surface dS; dt 
is a change of temperature which takes place in the air when 
flowing over the element of surface dS at the rate of G; and K is 
the coefficient of heat transfer between the surface and the air 
for the particular condition, we have the following two equations 
for dH 

dH = K (t, —t) dS 
also 

dH = dt 


Therefore, we may equate the two equivalent values of dH as 
follows 


C,G dt = dH = K (ts —t) dS 


we have 


t,—t K 
log, = (4)s {11 ] 


It will be noted that Equation [11] is identical in form with 
Equation [10] and 


hence 


It is to be noted that K is an experimental value dependent 
on the velocity, and is also a direct function of the specific heat 
C,y and the density p; G is the weight of the air in pounds per 
hour and is a direct function of the velocity, the free area through 
the heater and the density of the air. For fuller discussion of 
these relationships refer to the author’s 1911 paper‘ and a paper‘ 
by Lewis, McAdams, and Frost. 


FRICTIONAL RESISTANCE TO FLOW 


It is almost obvious that the same reasoning will apply with 
equal force to determination of frictional resistance to flow of 
gases and to the correlation of the frictional resistance with heat 
transfer. Consider as before, a body of air Q passing over a 
surface S. In an element of surface dS there will be a definite 
contact as before of AQz particles with the element of surface. 
Let m be. this ratio. Then as before, we have AQs = mAS 


but combining with Equation [4], we have 


5‘‘Heat Transfer by Conduction and Convection,” by W. K. 
Lewis, W. H. McAdams, and T. H. Frost, Trans. A.S.H.&V.E., 
vol. 28, 1922, p. 55. 
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which means that the ratio of the total number of particles com- 
ing in contact with a surface, to the total volume handled is in the 
ratio of the logarithm of the reciprocal of the by-pass factor. 
It is assumed that each particle that actually contacts with the 
surface film loses its momentum completely which has to be re- 
stored upon its diffusion through the film and mechanical mix- 
ture into the body of the gas stream. 

Let Ey be the energy absorbed by gaseous friction (i.e., by 
loss of momentum of the particles contacted with the surface), 
u the velocity of the gas stream, and p the density of the gas, 
then 


Qxpu? 


2 
Qou 


2g 29 


The term, “velocity head” is quite generally employed to 
mean the head in terms of a gas (or equivalent liquid) column 
corresponding to the velocity. Let this be designated by h, 
which is defined as 


29 
but from the general energy equation Ey = Qphy 
therefore 
h 1 mS 
= log,| 1— | 


he Q. Q 
Q 
which means that the number of velocity heads lost is equal to the 


logarithm of the reciprocal of the by-pass factor, 
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These equations it will be seen tie together all relationships 
basic to the contact-mixture theory. As previously explained, 


a = log, 
he 
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however, the formula for change in moisture content is only ap- 
proximately correct for the reason that the value m for water 
vapor is slightly greater than that for the accompanying air ow- 
ing to its greater rate of diffusion in the laminar film. At high 
velocities this difference is of little significance while at very 
low velocities it may become very appreciable. In most com- 
mercial installations, however, the velocities are high rather than 
low. 


APPLICATION OF ConTAcT-MIxTURE THEORY TO NONTURBULENT 
FLow 


From the discussion on turbulent flow it is evident that the 
friction varies as a power of velocity slightly less than 2 because 
of the fact that m does not increase quite as fast as the velocity. 
With the nonturbulent flow, however, there is still contact with 
the surface film but no mechanical mixture. Here it can be 
shown, by the same reasoning, that the friction is approximately 
directly proportional to the velocity instead of nearly propor- 
tional to the square of the velocity. 

In nonturbulent or laminar flow, which occurs at velocities 
below the critical, the heat conduction is not increased by in- 
crease of velocity, i.e., the number of contacts is not increased 
by any change of velocity since the particles are mixed entirely 
by molecular diffusion and not by mechanical mixture. In the 
case of turbulent flow m increases with the velocity at a power 
slightly less than unity. If we represent m for turbulent flow as 
Mn, we will have the approximate ratio of 


or 


From this it will be seen that if the friction with turbulent flow 
varies approximately as the square of the velocity, then the fric- 
tion of nonturbulent flow varies directly as the velocity. 

It will be seen from all the foregoing relationships that the 
contact-mixture theory adequately explains, at least by analogy, 
all the phenomena connected with gas flow and heat transmis- 
sion. Also, that it conforms with the accepted dynamical theory 
of gases. 
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The production of helium for commercial use is of 
particular interest at this time since it had its inception 
in the State of Texas and has been carried on chiefly in 
that state ever since. The development of helium produc- 
tion is an excellent example of how American engineers 
attempt the seemingly impossible—and win. It also 
demonstrates the rapidity with which an almost hopeless 
undertaking can be completed when a determination 
really has been made to do so and the necessary funds are 
available. In this paper are outlined the early history 
of helium production, the steps in the necessary prelimi- 
nary research, and how the data were applied. Early 
repurification plants are described, and facts given con- 
cerning the present Amarillo plant. 


N APRIL, 1917, when America entered the World War, he- 
I lium was a chemical curiosity. Radioactive minerals were the 

chief source of supply; not more than a hundred cubic feet 
of helium had been isolated in the world and probably not more 
than two or three cubic feet in the United States.* It sold in 
small quantities at the rate of $2500 per cu ft. At that rate it 
would have cost approximately $450,000,000 to produce enough 
helium to fill a small blimp. 

The British Government was anxious to replace hydrogen 
in lighter-than-air craft with an inert medium and helium 
seemed to be the only possible substitute. Disregarding the 
apparent hopelessness of the undertaking, it was suggested by 
English scientists, headed by Sir Richard Threlfall, Sir William 
Ramsey, and others, that the production of helium for aero- 
nautical purposes be investigated. The matter came to the 
attention of Dr. R. B. Moore and G. A. Burrell, both of the 
U. S. Bureau of Mines; they called upon an official of the War 
Department on June 1, 1917, and explained the possibilities to 
him. On that date our present story really began. 

Matters moved rapidly in those days, and by July 31, 1917, 
$100,000 had been allotted in equal shares by the Army and 

1 Published by permission of the Director, U. S. Bureau of Mines. 

? Supervising Engineer, U. S. Bureau of Mines Helium Plant. 
Mr. Seibel was graduated from the University of Kansas in 1913 
with a B.S. degree and in 1915 he received his M.S. degree. From 
1913 to 1917 he was an instructor in chemistry at the University of 
Kansas and, under the directorship of H. P. Cady, carried out most 
of the early analytical work on field samples for the government 
helium project. He is the author of a thesis, “‘Rare Gases in Natu- 
ral Gas."” He has been employed by the U.S. Bureau of Mines 
since 1917. He had charge of the design and construction of the 
Army and Navy helium-purification plants at Scott Field and Lake- 
hurst and was codesigner with C. F. Cook of the Amarillo plant. 

3 ‘*Commercial Production of Helium,”’ by F. G. Cottrell, Chemical 
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The Contributions of the U.S. Bureau of 


Mines to Helium Production 


By C. W. SEIBEL,? AMARILLO, TEXAS 


the Navy to investigate the possibility of producing helium as a 
substitute for hydrogen for balloons and dirigibles. 

The undertaking naturally fel) into two major divisions: 
What to use as the source of helium, and the method to be em- 
ployed to extract it from the raw material. 

Through discoveries by Dr. H. P. Cady and David McFarland 
of the University of Kansas, in 1905, it was known that certain 
natural gases contained appreciable amounts of helium. A 
search was started at once for a suitable gas field. 

Dr. Cady was appointed consulting chemist on the staff of the 
Bureau of Mines and all the early analytical work on field samples 
was performed by Cady and his coworkers. He also engaged in 
research work, the results of which influenced the design of various 
helium plants that were constructed later. During the early 
days Cady contributed materially to knowledge of the limits of 
inflammability of mixtures of helium and hydrogen, the solu- 
bility of helium in liquid natural gas and nitrogen, and the 
diffusion of helium through balloon fabric. 

As a result of the field investigations it was decided to use as the 
source of helium natural gas from the Petrolia Field of Texas, 
which, by reason of the Lone Star Gas Company’s pipe-line 
system, was available to the city of Fort Worth. That gas con- 
tained approximately one per cent of helium. 

It was conceded generally that if helium were to be produced 
from natural gas the system to be used probably would involve 
the liquefaction by means of pressure and low temperature of all 
of the constituents of the natural gas except the helium. An 
investigation, therefore, was made of the processes employing 
low-temperature liquefaction in the production of oxygen from 
liquid air, particularly those of the Linde Air Products Company, 
the Air Reduction Company, and the Jefferies-Norton Corpora- 
tion. 

Perhaps speed was lent the project by a letter from the English 
Admiralty received the latter part of July, 1917, in which it re- 
quested that America do what it could to produce helium and 
that it would like to obtain 100,000,000 cu ft at once and would 
be in a position to take 1,000,000 cu ft per week thereafter. 
Additional sums were allotted by the Army and Navy in October, 
1917, and by November the matter had progressed so far that con- 
tracts were awarded the Linde Air Products Company and the 
Air Reduction Company covering the building of modified units 
of their liquid-air plants for the production of helium. Later a 
similar contract was made with the Jefferies-Norton Corporation. 

Construction of the two experimental plants on the outskirts 
of Fort Worth, Texas, was begun almost at once, the work being 
supervised by the Quartermaster Corps of the U.S. Army. The 
Linde plant was completed in March, 1918, and the Air Reduc- 
tion Company’s plant in May. Helium of 28 per cent purity 
was produced by the Linde plant by March 22, 1918. The quan- 
tity and quality of the output of this plant improved gradually 
until by September the production of about 5000 cu ft per day of 
approximately 70 per cent helium was being maintained. This 
crude helium was then repurified and a 92 or 93 per cent product 
was produced. Varying amounts of helium also were produced 
by the Air Reduction and Jefferies-Norton plants. By November, 
1918, only one year after the contract to build the plants had been 
let more than 200,000 cu ft of helium of 93 per cent purity had 
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been produced and 147,000 cu ft of it was on the dock at New Or- 
leans, La., awaiting shipment to Europe. 

American industry had stepped into the breach again. It had 
accepted the challenge to produce a chemical element that 
was contained in a natural gas to the extent of only one per 
cent; a substance that had been a chemical curiosity up to that 
time; not more than 100 cu ft of which had been isolated in all 
the world; which had sold for $2500 a cuft; and for the produc- 
tion of which no commercial-scale plant had ever been con- 
templated. Less than one year after accepting the challenge, 
two plants had been constructed and the third one was under way. 
Helium was being produced in quantities at a purity of 93 per 
cent and at a cost of approximately 44 cents per cu ft. 

During the war the Bureau of Mines had jurisdiction over the 
experimental plants. Shortly after the armistice these units 
were closed, but the production of helium was a reality and the 
Army and the Navy had already decided to build and had plans 
well along for a full-scale unit with a capacity of about 50,000 
cu ft of helium per day. The new unit was to use the Linde sys- 
tem, which had been most successful in the experimental stage. 
The construction and operation of the new plant was under the 
jurisdiction of the Navy Department, and the Navy maintained 
supervision of it until July 1, 1925, when all helium production 
was placed under the Bureau of Mines. All told, the Fort Worth 
helium plant produced approximately 48,000,000 cu ft of helium 
during its existence. 

Even during the life of the experimental plants it was recog- 
nized that the Petrolia Field could not be depended on as a source 
of helium for many years; in fact, it was estimated that it would 
be depleted, in so far as large-scale helium production was con- 
cerned, in approximately ten years, or by 1929. However, in a 
war project other factors more than offset its limited capacity. 
The prediction was proved to be accurate, and it was seen as early 
as 1927 that the Petrolia Field could not support the helium proj- 
ect on an economical basis much longer. The plant was shut 
down in January, 1929, and helium activities were moved to 
Amarillo, Tex. 


RESEARCH 


It is not surprising that the experimental helium plant de- 
veloped during the press of war days was not all that could 
be desired from the standpoint of efficiency and economy. The 
engineers of the Bureau of Mines felt that if further thought and 
experimental study could be given to the production of helium, 
the cost could be reduced greatly, even below the best antici- 
pated performance of the large Fort Worth plant. Therefore, 
with the financial assistance of the Army and Navy the Bureau 
established its Cryogenic Laboratory at Washington, D. C., 
early in 1921. It obtained a staff of research workers who set out 
to learn something of the fundamentals required in the efficient 
production of helium. 

The ramifications of the research were wide and varied. There 
were the questions of specific heats, composition of coexisting 
phases, solubility of helium in the liquid components of natural 
gas, behavior of metals at low temperatures, calculation of heat- 
exchanger surfaces, design of the interchangers, prior removal of 
certain objectionable constituents from natural gas, such as 
carbon dioxide, the method of refrigeration to be employed, de- 
velopment of valves for special purposes, and selection of heat 
insulators. Through it all the Bureau carried on field investiga- 
tions, hoping for the discovery of other sources of helium sup- 
plies. Some of these phases will be considered briefly here. 

With the cooperation of the U. 8. Navy Yard at Washington, 
D. C., a rather comprehensive study was made of the behavior of 
various metals at liquid-air temperature. It was found that 
metals increase their ultimate tensile strength from a few per cent 


to nearly 100 per cent at the temperature of liquid air, approxi- 
mately 312 deg below zero F. However, most of the steels tested 
lost practically all of their ductility and showed very little if any 
elongation. Some of the nonferrous metals, such as copper, 
brass, monel metal, and nickel, retained an appreciable percentage 
of their normal ductility. It was thought that solder, because 
of its tin content, might suffer through a change of the tin to the 
gray modification. However, possibly because low tempera- 
ture retards the rate of reaction, there has been no evidence, either 
during experimental work or in actual use, to indicate that solder 
suffers materially from “tin disease” at liquid-air temperature. 
As a result of this experimental work it was decided in so far as 
possible to eliminate the use of steel wherever very low tempera- 
tures were involved. As a result virtually all of the low-tem- 
perature equipment of the helium-production plant is fabricated 
either from hard-drawn copper or rolled or worked naval bronze. 

At. the time the experimental helium plant at Fort Worth 
was designed, and even when the large Fort Worth plant was 
designed, little information was available concerning the com- 
position of coexisting phases of the various constituents of our 
natural gas. Furthermore, there was not time to develop that 
information. The fact that the experimental plant worked at 
all speaks well for some of the intelligent guesses that had to be 
made as to numerous features of the design at that time. 

As a result of the work in the Bureau’s cryogenic laboratory at 
Washington, D. C., many missing pieces of information were sup- 
plied. -Cylinders of Petrolia gas under high pressure were sent to 
Washington and data were obtained which enabled curves to be 
drawn showing the composition of the liquid and gas phases 
under different conditions of temperature and pressure. These 
data were used in designing the equipment and in selecting the 
type of cycle to be used. 

It was realized early that the solubility of helium in liquefied 
natural gases would determine almost entirely whether fractiona- 
tion would be required to obtain satisfactory recovery. The 
experimental work developed the rather curious fact that above 
a temperature of about minus 180 F little helium would be lost 
by solution in the liquid phase under a certain pressure. At a 
given pressure, as the temperature was lowered, the amount of 
helium lost through solubility effect, gradually increased until a 
temperature of about minus 265 F was reached. At still lower 
temperatures the solubility fell off rapidly until, at the tempera- 
ture of liquid air, the solubility effect was little more than that 
at minus 180 F. It will be realized, of course, that these figures 
are only approximate and vary with the composition of the natu- 
ral gas. These relations, determined experimentally, indicate 
that for maximum recovery of helium the liquefied constituents 
should be separated from the gas phase either at a relatively 
warm temperature (that is, above minus 180 F), or at a relatively 
cold one (approximately minus 292 F to minus 310 F). 

Little could be learned from the literature relative to the 
method of calculating heat transfer at these very low tempera- 
tures. Experimental work therefore was undertaken on different 
types of heat exchangers. As a result of these experiments the 
Bureau has preferred to use, where possible, interchangers of a 
multiple-tube type. The construction is somewhat like that of 
a fire-tube boiler, being primarily a series of relatively small tubes 
soldered into a tube sheet and surrounded by a wall of a thickness 
necessary to withstand the pressure required. It might be men- 
tioned that most heat-exchanger calculations are based on the 
use of clean tubes. For the calculation of heat exchangers at 
very low temperatures one must not fail to consider that the ma- 
terial handled may contain appreciable quantities of water vapor 
or other condensable substances that may condense to solids on 
the tubes of the exchanger. These solids, if on the inside of the- 
tube, diminish the heat-exchange surface and reduce the ability 
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of the tubes to transmit heat. As a result, in designing inter- 
changers for this type of work care must be taken not to let data 
obtained for clean tubes influence one unduly. 

The matter of applying heat-insulating material received con- 
siderable thought by the engineers of the Bureau of Mines. 
Substances that may be adequate for moderately low tempera- 
tures may not be entirely satisfactory when the temperature of 
the equipment to be insulated approaches that of liquid air. 
Effectiveness of the insulating material from a standpoint of over- 
all economy and efficiency was investigated and decided upon 
finally to the satisfaction of the Bureau. Two kinds of insulation 
are used, felted hair and a so-called ‘mineral’? wool. Both 
have advantages and disadvantages when used in the type of 
plant under discussion. Insulation varies in thickness, depend- 
ing upon the type and size of the equipment to be insulated, 
from about 3 to 10 inches. Because the insulation in the Amarillo 
plant is adequate, there is little external evidence of the intense 
cold that is maintained in parts of the equipment. 

The Bureau investigated the relative worth of the two systems 
of low-temperature refrigeration, that obtained by means of an 
expansion engine and that due to the Joule-Thomson effect. 
Here again each method has its adherents. While theoretically 
the use of expansion engines is considerably more efficient than 
the use of the Joule-Thomson effect, practically, the advantage is 
perhaps more apparent than real. In the helium plant under dis- 
cussion refrigeration is obtained by means of both systems, al- 
though an expansion engine is used to obtain the major portion. 

The helium molecule is very small, therefore pipe work, valves, 
and other fittings that might be entirely tight against a pressure 
of several thousand pounds of air might leak appreciably under 
perhaps one half to one third the same pressure of helium. Be- 
cause of this and as the Bureau wished to obtain long-stem valves 
in order that their bodies might be insulated and the heat leak 
thus reduced as much as possible, several types of valves were 
designed. A special type of packing for the valve stems also was 
developed, since packing containing an oily lubricant could not 
be used at low temperature. Leather seems to be the most satis- 
factory material to use as valve-stem packing. 

Many special instruments and pieces of equipment have been 
designed and constructed by Bureau research workers in connec- 
tion with the production of helium. Continuous recorders have 
been developed to record the percentage of carbon dioxide in 
the incoming and outgoing gases; also, a somewhat complicated 
but nevertheless satisfactory piece of equipment has been de- 
veloped for recording the amount of helium in the tail gas. When 
it is considered that the tailings contain only about one eighth 
of one per cent of helium in an otherwise normal natural gas, one 
can realize the sensitivity of the apparatus. 


EARLY REPURIFICATION PLANTS 


It is evident that helium leaks slowly from the envelope of the 
airship. It is not so apparent, but nevertheless is true, that air 
leaks into the envelope and eventually dilutes the helium to such 
a degree that it is no longer economical to use it as a lifting me- 
dium. Even before a helium-filled ship had actually flown, it 
was appreciated that a repurification plant would be desirable 
for the purpose of removing the contaminating air and bringing 
the purity of the helium to 98 per cent or more. The increased 
purity of approximately 5 per cent over that of experimental 
days is quite an item in lighter-than-air craft operation. De- 
pending upon the type and size of the ship, this 5 per cent greater 
purity may amount to a much greater percentage of increase in 
pay load. 

In 1921, when the cost of producing helium was very high, 
Bureau of Mines engineers designed and constructed a mobile 
repurification plant using refrigerated charcoal for the removal of 
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air. Helium having a purity of better than 99 per cent was ob- 
tained. The plant was abandoned later, however, because of 
operating complications and the fact that the cost of producing 
helium from natural gas had been reduced below the cost of 
repurification by refrigerated charcoal. 

At about the same time the Bureau also sponsored a repurifica- 
tion plant based on the liquefaction of the contaminating air. 
Through an accident this plant was made inoperative before it 
had had an opportunity to prove itself. 

The two plants mentioned above were constructed before 
adequate experimental data were available and should therefore 
be classed with the experimental production plants built during 
the war days. 


Data APPLIED 


As a result of much experimental work, such as has been out- 
lined briefly, Bureau of Mines engineers were able to design for 
the U. 8S. Navy at Lakehurst, N. J., a helium-repurification plant 
with a capacity of 20,000 cu ft of helium perhr. Its performance 
equaled the prediction made for it at the outset and as a result 
the Bureau was requested to build a similar small mobile plant for 
the Army. 

This mobile unit was self-contained, was mounted on a rail- 
road boxcar, and had a capacity of 5000 cu ft per hr. It has 
since done good work both at Scott Field and at Langley Field, 
stations of the Army Air Corps. Later, a stationary plant was 
designed for the Army and was erected by the personnel of 
Scott Field, Belleville, Ill. The present capacity of this plant is 
10,000 cu ft of helium per hr, although the equipment has been 
designed so that, with the addition of the necessary helium com- 
pressor, the total capacity can be doubled. 

While the repurification plants were being designed and con- 
structed, a group of Bureau of Mines engineers was working on 
the production of helium from natural gas. Their work went 
through several stages, including laboratory experimental work, 
a laboratory-size model, a semicommercial-scale model, and 
eventually a full-sized plant. 


AMARILLO PLANT 


When, in 1927, it was definitely evident that the Petrolia Field 
could no longer meet the helium requirements of the Army and 
Navy, the experimental work had progressed to a point where 
the Bureau felt that it could design a helium plant that would re- 
duce the cost of production materially. 

The field investigators of the Bureau had discovered a helium- 
bearing gas field at Amarillo, Tex. This field was owned in four 
large blocks, was practically virgin, and the natural gas in it con- 
tained approximately 1*/, per cent of helium. The natural gas 
in this field is under a rock pressure of more than 700 lb per sq in. 
The Government now owns the gas rights in fee in 50,000 acres 
covering the field. 

A plant site 7'/,; miles west of the city of Amarillo and con- 
nected to the field by a welded 6-in. line was chosen. Construc- 
tion of the plant proper began in August, 1928, and by April, 1929, 
it was producing helium. 

The plant buildings and all of the special equipment dealing 
with helium extraction were designed by Bureau of Mines en- 
gineers. Practically all of the special equipment now in use 
was fabricated at the Bureau’s Amarillo helium plant, where a 
very complete machine shop, welding shop, and auxiliary equip- 
ment are maintained. Special recorders were constructed to 
indicate continuously the purity of the crude helium and that of 
the final product as delivered to the shipping containers. Other 
recorders analyze the nitrogen that is extracted in small quan- 
tities from the natural gas for use in the closed nitrogen-refriger- 
ation cycle. Potentiometers are used for indicating the tem- 
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TABLE 1 GOVERNMENT HELIUM PRODUCTION AND COSTS, APRIL, 1921, TO DECEMBER, 1934 


operating cost 
(gross operating cost 
less return from sale of 
residue gas) > 


Average Return verage 
per from sale per 
Production® cu ft of residue cu ft 
Period cu ft Total produced gas Total produced 
Fort Worth plant:¢ 
Under eerie of Navy Depart- 
ment: 
April to Jane, 1031............ 260,520 $126,694.05 $486.31 
July to December, 1921........ 1,841,000 320,859.73 174.28 
October, 1922, to June, 1923¢.... 4,069,940 489,299.70 120.22 
July, 1923, to June, 1924....... 8,204,665 636,438.38 77.57 
July, 1924, to June, 1925....... 9,418,363 451,084.58 47.89 
Under jurisdiction of Bureau of 
ines: 
July, 1925, to June, 1926....... 9,355,623 318,446.40 34.04 
July, 1926, to June, 1927....... 6,330,056 277,384.70 43.82 wo : 
July, 1927, to June, 1928....... 6,687,834 274,210. 54 41.00 
July, 1928, to Jan. 10, 1929..... 2,638,894 121,440.65 46.02 oe dita ie 
Amarillo plant:¢ 
Uae, _jurisdiction of Bureau of 
ines: 
April to June, 1020............ 844,900 27,833.16 32.94 §$ 2,645.32 25,187.84 $29.81 
July, 1929, to June, 1930....... 9,805,600 140,146.75 14.30 30,445.43 109,701.32 1.19 
July, 1930, to June, 1931....... 11,362,730 150,190.53 13.22 32,510.24 117,680.29 10.36 
July, 1931, to June, 1932....... 15,171,680 148,545.26 9.79 40,862.43 107,682.83 10 
July, 1932, to June, 1933....... 14,749,960 151,165.51 10.25 37,661.70 113,503.81 7.70 
July, 1933, to June, 1934....... 6,534,270 63,528.33 9.72 17,585.94 45,942.39 03 
July to December, 1934........ 6,391,270 54,954.24 8.60 16,762.42 38,191.82 15.98 
64,860,410 736,363.78 11.35 178,473.48 557,890.30 8.60 


@ Production from the Fort Worth plant represents volume of airship gas produced, which had an average 
helium Vw of 93 to $4 per cent under Navy jurisdiction and about 95 per cent under Bureau of Mines jurisdic- 
‘od 


tion. 


uction from the Amarillo plant represents actual helium in the — gas of better than 98 
— produced by that plant. Therefore, the advantage of the Amarillo plant fr 


r cent 
om standpoint of cost is about 


per cent greater than a direct comparison of the figures indicates. — ; ; Se 
+ Gross operating costs for the Fort Worth plant represent expenditures in operating and maintaining the plant, 


including current expenditures for natural gas. The 


Government did not own the gas field that =. the Fort 
Worth plant, so there was no return from sale of residue. 
expenditure in operating and maintaining both the plant and the 


Gross operating cost for the Amarillo plant represents 


overnment-owned gas properties. his gross 


operating cost at Amarillo is a measure of the amount that must be available to the Bureau of Mines for current 
expenditure. Returns from sale of residue gas, in excess of its cost, must be deposited to credit of miscellaneous 
receipts of the Treasury and therefore are not available for expenditure by the Bureau. As the net operating cost 
is computed by subtracting current returns from current expenditures, it is a measure of the net withdrawal of 


funds the Treasury for operation and maintenance. 
we Coste at th Worth plant are based on compilations by the Bureau of Efficiency from records of the Navy 

(Report of Bureau of Efficiency in hearing on Amarillo helium plant before 
House of Representatives, 71st Congress, second session, p. 210.) 


© Costs at the Fort t 
Department and the Bureau of Mines. 
the Committee on Mines and Mining, 


The costs 


do not include depreciation or depletion, and those for period of Navy jurisdiction do not include cost of Washington 


administration. 


4 Plant closed in 1922 from January to September, inclusive, because of lack of funds. 

¢ Compiled from Bureau of Mines records. The costs do not include depreciation or depletion. 

4 Unit costs for year 1934 abnormally low because of Government pay cuts, furlough of employees, and reduction 
of plant crew to the minimum required to man = and gas field for intermittent operation. In normal times con- 


iderably higher unit costs for a like volume o! 
1935 secbably will exceed those for the first 6 months. 


perature in various parts of the equipment; high-pressure 
liquid-level gages on the U-tube principle have been designed and 
constructed for determining the level of low-temperature liquids 
in various containers under pressures of approximately 3000 lb 
per sqin. A brief description of the operation of the plant is as 
follows: 

The first step in the process is the removal of the small amount 
of carbon dioxide which the natural gas contains. The Bureau 
has carried on extensive research looking toward a more satis- 
factory method of performing this operation, but as yet nothing 
that has decided advantages over the system developed by the 
Navy Department at the old Fort Worth plant has been found. 
Carbon dioxide is removed by scrubbing the incoming gas with 
a 7-per cent solution of sodium hydroxide and the resulting 
sodium carbonate is reconverted to hydroxide by the use of lime. 
The gas leaves the carbon-dioxide scrubbers at approximately 
pipe-line pressure of about 650 lb per sq in. By means of heat 
exchangers the gas is cooled progressively to approximately 300 
deg below zero. At that temperature and under the pressure 
used in this part of the apparatus, virtually all of the constituents 
of the natural gas except helium and a small amount of nitrogen 
become liquid. The helium is withdrawn from the top part of 
the apparatus and the liquid from the bottom. The liquids are 


production may be expected. Average costs for entire fiscal year 


returned through the exchanger countercurrent to the incoming 
stream, and the gas resulting from their evaporation is sold to the 
local gas company. A complete trip through the entire appara- 
tus for any given cubic foot of gas takes place in Jess than a min- 
ute. 

The heat leaks in the system are made up primarily by means 
of the expansion-engine cycle. Nitrogen that is separated from 
the natural gas is compressed and sent through an expansion en- 
gine. The engine runs an electrical generator to remove heat 
energy from the nitrogen. As a result, the engine exhaust is 
lowered and the exhaust is used to cool the high-pressure nitrogen 
flowing to the engine. This continues progressively until a suf- 
ficiently low exhaust temperature has been reached. This nitro- 
gen-refrigeration cycle is entirely separate from the gas cycle. 
It would, of course, be easier to use air as a refrigerating medium 
than to use nitrogen; however, air or the resulting liquid oxygen 
from it might possibly come in contact with liquid methane 
through accidental leaks. Liquid oxygen and liquid methane 
form a dangerous explosive, which explodes with little or no provo- 
cation and certainly no warning. In violence such a mixture 
is approximately equal to nitroglycerine. 

The minimum purity of helium shipped from the Amarillo 
helium plant is 98.2 per cent. This helium is produced in two 
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steps. In the first operation a crude helium is obtained having a 
composition of about 50 per cent nitrogen and 50 per cent helium. 
High-purity helium can be produced in one cycle, but the result- 
ing loss of helium due to the solubility effect warrants the use of 
two separate cycles. By producing the helium in two opera- 
tions, which are carried on simultaneously, the final product of 
98.2 per cent helium leaves the unit at high pressure and can be 
discharged directly into tank cars or other shipping devices, thus 
avoiding compression of the pure helium, which is not only diffi- 
cult but costly. 

From the standpoint of what research can do for an industry, 
it is interesting to note the comparison between the performance 
of the old Fort Worth plant and the Amarillo helium plant. 
However, it should be borne in mind that the operation of the 
Fort Worth plant was very creditable when one considers the 
lack of information and data at the time of its design and con- 
struction. During the first real operating period of the Fort 
Worth plant, the cost of operation was approximately $175 per 
thousand cubic feet of the helium produced. The cost was re- 
duced rapidly, until by June, 1925, it had reached a yearly 
average of about $47 per thousand cubic feet. The best yearly 
figure for the Fort Worth production, that of July, 1925, to June, 
1926, was about $34 per thousand cubic feet. A total of ap- 
proximately 48,000,000 cu ft of helium was produced during the 
operating life of the Fort Worth plant. 

The Amarillo helium plant began operations in April, 1929. 
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To date it has produced more than 70,000,000 cubic feet of 
helium at an average gross operating cost of approximately $12 
per thousand cubic feet; however, it has returned to the Treasury 
approximately $200,000 from the sale of the residue gas, giving a 
net average operating cost of about $9 per thousand cubic feet of 
helium. 

During several months of high production, the operating cost 
on the net basis was below $5 per thousand cubic feet, and this 
figure could, in all probability, be maintained if the demand for 
helium allowed operating under full capacity. Table 1, taken 
from the last report of the Bureau of Mines as given in the Miner- 
als Yearbook (current figures in detail have not been released), 
will give a more exact account of the cost of operation. It 
might be noted that the difference in cost of operating the 
Amarillo helium plant from the standpoint of money withdrawn 
from the Treasury as compared with the production of an equal 
quantity of helium at the lowest cost attained at Fort Worth, 
namely $34 per thousand, indicates that the Amarillo helium 
plant has saved the Government to date something more than 
$1,700,000. Since the plant itself represents an investment of 
between $700,000 and $800,000, it is evident that approximately 
a million dollars has been saved, which in effect could apply on 
the Government investment in its natural-gas properties. From 
the standpoint of helium production, it is evident that applied 
research has paid. 

[This paper is not subject to copyright. ] 
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The authors present results obtained with a modified 
type of International Standard Orifice as used for metering 
pump discharges. The annular slot for pressure measure- 
ment of the standard I.S.A. orifice is replaced in the modi- 
fied orifice by a series of slots at the pipe wall and flush 
with the orifice plate. The results given in the paper in- 
clude coefficients obtained with sharp-edged and rounded- 
edged orifices with various orifice-pipe diameter ratios and 
with various approach lengths of pipe. The coefficients 
obtained by the authors with the modified I.S.A. orifice 
are compared with coefficients of the standard I.S.A. orifice. 


metering method for measuring pump discharges and 
therefore a relatively large number are in common use. 

A device which has been used widely for metering irrigation 
deliveries is a sharp-edged orifice attached to the end of the 
discharge pipe. This method is probably as accurate as any 
of the others commonly used for field testing of pumps, but 
suffers from the fact that the discharge coefficient has not been 
accurately measured. The present paper deals with a particular 
arrangement of this type of free discharge orifice, which will 
be referred to here as the modified International Standard Orifice. 
The International Standard Orifice? is normally operated 
submerged as a diaphragm or pipe-line orifice. The pressure 
connections consist of annular slots at the same radius as the 
wall of the pipe and flush against the orifice plate. The entire 
assembly of orifice-plate and pressure connections forms a unit 
which is inserted in the pipe line. In addition to the advantage 
of having the pressure connections made integral with the 
orifice, the I.S.A. orifice has been carefully investigated and the 
conditions of use, the tolerances in manufacture, and the accuracy 


WIELD CONDITIONS do not permit universal use of any one 
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Modified I.S.A. Orifice With Free Discharge 


By M. P. O'BRIEN?! ann R. G 


. FOLSOM,? BERKELEY, CALIF. 


have been specified in detail. The I.S.A. standards specify the 
coefficients for free discharge of a liquid into a gas but these co- 
efficients were not based on adequate experimental data and the 
purpose of the work reported here was to supply this information. 

The modified form of the I.S.A. orifice is shown in Fig.1. The 
annular slot for pressure measurement of the standard I.S.A. 
orifice was replaced by a series of slots at the pipe wall and flush 
with the orifice plate, as shown in Fig. 2. Only one pressure 
connection is necessary with free discharge. The orifice was 
sharp-edged without rounding or burrs and the upstream face 
was smooth. The orifice plate was made of machined stainless 
steel and the holder was of cast aluminum. 


EQUIPMENT AND PROCEDURE 


Setup With S-In. Pipe. The orifice in the Sin. pipe was 
attached to the end of a horizon.al section of new standard 
black wrought pipe of 8 in. nominal diameter and actual average 
internal diameter of 8.10 in. The arrangement of the piping 
and the manometer are shown in Fig. 1. The approach length 
L was varied from 4 in. to 21 ft. The discharge was measured 
volumetrically in a calibrated tank having a capacity of 400 
cu ft. The minimum collection period was 90 sec. 

Setup With 6-In. Pipe. The equipment and arrangement for 
the 6-in. pipe were similar to the 8-inch apparatus. Series of 
tests were made using 20 and 23 diameters of old corroded pipe 
having an average internal 
diameter of 6.13 in. and 50 
diameters of new standard 
black wrought pipe of 6.067 
in. average internal diame- 
| ter. The maximum and 
1} minimum diameters in the 
old pipe were 6.188 and 
6.115 in., respectively. 

All measurements of di- 
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ameters were made with ma- 
nl | chinists’ inside micrometers. 
| A minimum of ten determi- 
nations on different equally 
3 viel ts spaced diameters were aver- 
ry aged to obtain the sizes 
| | \ given. Pipe diameters were 
3 = measured at the section 1 in. 


1} | upstream from the orifice. 
ORMICE POSITION: 
Fie. 1 Moptrtep I.S.A. 
FICE AND PipING ARRANGEMENT 
Usep 1n TEsTs 


DIscHARGE EQuaTION 


The selection of a dis- 
charge equation is largely a 
matter of convenience in application. In the case of the free- 
discharge orifice, there appears to be no advantage in including 
the velocity of approach explicitly. For the I.S.A. orifice, the 
basic equation has been assumed as 


where, in English units, @Q = rate of discharge, cfs; C = a 
dimensionless coefficient; A = orifice area, sq ft; g = weight 
per unit mass = 32.2 ft per sec per sec; and H = head of 
water measured above the center of the horizontal pipe line, ft. 
The coefficients mentioned in this paper have all been computed 
by means of Equation [1]. 
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The coefficient C is a function of the diameter or area ratio, 
the Reynolds number, the roughness and length of the approach 
pipe, and, to a minor extent, of a generalized parameter repre- 
senting the surface tension. In the range of heads and orifice 
sizes which might be used in the field, the effect of surface tension 
is negligible. As ap- 
plied to the measure- 
ment of water at nor- 
mal temperature, the 
Reynolds number de- 
pends largely on the 
head which may bedem- 
onstrated as follows: 

The Reynolds num- 
ber 


Re = v( 44 
and since 


V =Q/A =CV 29H 


where the kinematic 
viscosity » is nearly 
constant, A is a fixed 
dimension, and C is it- 
self a function of the 
Reynolds number and the area ratio. Therefore, for any par- 
ticular orifice, the effect of the Reynolds number may be rep- 
resented by plotting the coefficient against the head. 

The I.S.A. standards use A as the area of the pipe in computing 
Reynolds’ number while the new standards of the A.S.M.E. 
Fluid Meters Committee uses A as the orifice area. 


Fie. 2 SLots IN THE Pipe WALL FiusH 
Wits THE Mooptrriep I.S.A. ORIFICE 


EXPERIMENTAL RESULTS 


Except for short approach lengths and large diameter ratios, 
the orifice coefficient does not vary with head in the range tested. 
In Figs. 3 and 4, the measured coefficients are shown for all of 
the combinations of approach length and diameter ratio which 
showed a variation in coefficient with head. Excluding those 
conditions giving such variations, the coefficients are plotted in 
Fig. 5, for comparison with the values specified in the I.S.A. 
standards. The summarized data appear in Tables 1 and 2. 

With the approach length equal to or greater than 20 diame- 
ters of pipe, the coefficients for new pipe showed no progressive 
trend with head, and the deviations from the average were 
small. The mean deviations of these runs were 0.5 per cent 
or less for all combinations. With an approach length equal 
to 8 pipe diameters, the coefficient showed no trend with head 
below a diameter ratio of 0.6, but above this ratio, the coefficient 
decreased with increasing head. The shortest approach pipe 
consisted simply of a short nipple between the orifice holder 
and the flange of the elbow. With this arrangement the coeffi- 
cient decreased with increasing head at all diameter ratios. 
With the shortest approach length, the jet was rough and rotated 
at such a high angular velocity as to cause it to break apart. 
Fig. 6 shows this condition while Fig. 7 shows a normal jet. 

The coefficients with the old corroded 6-in. pipe were high as 
compared with the other values. The increase in coefficient 
was only about one half the value given for pipe roughness in 
the I.8.A. standards. With rough pipe, the tolerance of mini- 
mum Reynolds’ number for constant coefficient and required length 
of straight pipe is apparently higher than with smooth pipe. 


The Reynolds number is a measure of the importance of fric- 
tion, a low Reynolds number corresponding to a larger relative 
friction. From this viewpoint, it would appear that the de- 
creasing coefficients observed might be ascribed to the effect 
of Reynolds’ number. However, it is generally observed that 
as the turbulence increases because of such factors as roughness 
and obstructions, the coefficients of discharge and friction 
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TABLE 1 SUMMARY OF EXPERIMENTAL RESULTS FOR NORMAL SHARP-EDGED ORIFICES AND NONSTANDARD ORIFICES WITH 
NEW STANDARD 8-IN. PIPE 


Coefficient Length of Test quantities 

Deviations, approach —Minimum—~ ——Maximum—~_ No 

Run . Ratio——— —-per cent— pipe, Head, Discharge Head, Discharge of 
no. Diameter Area Average Mean Max diameters ft sec-ft ft sec-ft runs 

f 1-11A 0.797 0.636 0.759 0.5 2.6 31 0.57 1.05 6.75 3.60 59 

12-13 0.598 0.358 0.646 0.2 0.8 31 0.62 0.52 8.09 1.89 36 

16-18 0.401 0.161 0.610 0.2 0.7 31 2.75 0.45 7.50 0.77 28 

19-20 0.401 0.161 0.612 0.1 0.3 8 1.81 0.38 7.79 0.79 19 

24-26 0.797 0.636 0.766 0.3 0.8 20 1.41 1.66 6.74 3.64 26 

Normal 27-29 0.797 0.636 0.775% 0.36 0.56 8 4.196 2.89 6.37 3.57 30 
sharp-edged 5 0.401 0.161 0.612 0.4 0.9 20 1.15 0.30 7.63 0.78 8 
orifices 30-31 0.598 0.358 0.655 0.3 0.7 8 0.91 0.64 8.24 1.94 21 
32 0.598 0.358 0.6496 0.26 0.56 1 4.166 1.36 8.13 1.91 28 

33 0.401 0.161 ime ae 1 0.74¢ 8.02 ad 30 

34 0.797 0.636 1 0.772 5.45 20 

Spec. 0.471 0.222 0.619 20 2 

Spec. 0.662 0.437 0.672 20 we 2 

14-15¢ 0.401 0.161 0.615 0.2 0.3 31 2.69 0.47 4.84 0.63 6 

0.718 0.2 0.4 4.96 0.74 7.56 0.91 8 

Nonstandard 21-22¢ 0.354 0.125 0.613 0.2 0.5 20 1.53 0.27 8.25 0.63 20 
orifices 23¢ 0.545 0.297 0.638 0.3 0.7 20 1.12 0.58 8.29 1.57 1l 
364 0.401 0.161 0.613 0.2 0.6 20 0.74 0.24 8.16 0.81 28 

Spec. ¢ 0.787 0.618 0.763 20 Pate 2 


° Coefficient decreased with increasing head in range of experiment. 
> Average for heads over 4 ft, see Fig. 3. 

Orifice rounded. 

4 Orifice notched. 


TABLE 2 SUMMARY OF EXPERIMENTAL RESULTS FOR NORMAL SHARP-EDGED ORIFICES WITH STANDARD 6-IN. PIPE 


Coefficient— 
Deviations, 

Condition Ratio ——per cent——. 
of pipe Diameter Area Average Mean Max 
Rough 0.596 0.355 0.6514 wate 
Rough 0.794 0.631 0.777* 
Rough 0.596 0.355 0.650 0.4 1.2 
Rough 0.794 0.631 0.778 0.4 1.0 
New 0.601 0.362 0.649 0.2 0.4 
New 0.802 0.643 0.774 0.05 0.1 


® Average coefficients for heads greater than 4 ft. 


become constant at lower Reynolds numbers than with un- 
disturbed flow. The opposite effect is evident here since the 
shorter approach length evidently causes more turbulence, and 
yet the coefficient becomes constant at a higher head or Reynolds 
number than with the longer approach lengths. The question 
has some practical importance in the application of the data to 
other pipe sizes, if such application is to be made, but it is 
strongly recommended that short approach lengths and old 
corroded pipes be avoided. 

As indicated in Table 1, the tests on one orifice for the 8-in. 
pipe showed an abrupt break in the coefficient from 0.615 to 
0.718 at a head of 4.9 ft. The orifice diameter was 3.255 in. 
and the approach length was 31 diameters. After this orifice 
had been machined initially, a slight burr could be felt and the 
machinist, acting without instructions, took a beveled cut to 
smooth it off. The cut was not noticed until the peculiarities 
of the coefficient appeared. The series was repeated by another 
observer with increasing and decreasing heads with the same 
results. Measurements of the jet with calipers showed the 
diameter of the vena contracta increased in agreement with the 
change in coefficient. This sensitivity to the condition of the 
orifice edge suggested an experiment on the effect of such damage 
to the edge as might occur in handling. An orifice with the 
same diameter but with a sharp edge was tested with a 20- 
diameter length of approach pipe. The edge was then dented 
with a cold chisel at 46 points. The average coefficient before 
and after the edge was damaged was 0.615. Fig. 8 shows the 
jet obtained with the damaged orifice. 

The fact that the coefficient for this orifice at lower heads 
agrees with the general trend suggests that the jet broke clear 
from the upstream face at low heads but that a slight decrease 
in the radius of curvature let the surface of the jet touch the 
beveled face. As soon as it touched, the outer filaments were 
both slowed up and deflected and the abrupt increase in the 
area of the jet resulted. The effect would certainly be un- 
predictable in magnitude and the conclusion to be drawn is 


Length of Test quantities 

approach ——Minimum——. -—— Maximum-——~ No. 
pipe, Head, Discharge, Head, Discharge, of 

diameter ft sec-ft ft sec-ft runs 
19.6 4.14 0.86 7.60 1.04 31 
19.6 4.57 1.73 7.50 2.21 12 
22.6 0.37 0.23 7.89 1.07 31 
22.6 0.37 0.49 7.60 2.22 23 
50.0 1.02 0.38 8.02 1.07 15 
50.0 1.69 1.05 6.66 2.07 8 
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Diameter Ratio 
Fie. 5 OBTAINED WITH THE I.S.A. 
CoMPpARED Norma I.S.A. Ortrice CompFFICIENTS 


that the orifice edge should be as sharp as can be produced by 
careful machining. 

The second set of data in Table 1 includes experiments on a 
number of other orifices with slightly rounded edges, none of 
which show a discontinuity in the coefficient. The exact shape 
of the edge could not be measured. The coefficients all lie 
slightly above those obtained with sharp-edged orifices by 
amounts which might well be in proportion to the increase in 
effective area of the aperture. Fig. 9 shows a comparison of 
these coefficients with the normal values. 
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RECOMMENDED COEFFICIENTS pipe sizes. Diameter ratios in excess of the maximum tested 

The diameters of the pipes used are in the lower portion of are not recommended. The measured coefficients differ from 
the range for which this type of orifice is suitable. The fact the coefficients recommended for the I.8.A. orifice discharg- 
that the coefficient is constant in the recommended range indi- ing submerged by amounts which are less than the average 
cates that the same coefficients may be employed for larger deviations of the data. 

On the basis of this agreement with the I.S.A. 
orifice data and the internal evidence of the data 
presented here, extrapolation of the data to larger 
pipe sizes is believed to be justified. The rec- 
ommended coefficients for new pipe of diameters 
6 in. and greater are given in Table 3. 

An approximate formula representing the 
measured coefficients up to a diameter ratio of 
0.8 is 


Cc 0.00 + 040 (4) [2] 


This formula represents the experimental data 
and the coefficients of the I.S.A. orifice within 
1 per cent up to a diameter ratio of 0.8 with 
approach lengths of smooth pipe equal to 20 
diameters and greater. 

The coefficients given for approach lengths 
less than 20 diameters apply only to the piping 
arrangement used for these tests. Other experi- 
ments show that the piping arrangement above 
the last elbow exerts a marked but unpredict- 


Fic. 6 Jet From ORIFICE AT THE END Fie. 8 Jet From a DAMAGED able influence on the coefficient. 
oF A SHorT APPROACH LENGTH OF PIPE ORIFICE 


Orifices with 
Rounded Edges 
20 Diam 


0.65 


Orifice Coefficient, C 


Fia. 7 NorMat Jet From An ORIFICE 


TABLE 3 COEFFICIENTS FOR MODIFIED INTERNATIONAL ° aa 
ANDARD ORIFICES TSA OLitice 


Diameter 0.60 
ratio Length of approach pipe, diameters s 


31 20 8 L<D 
0.401 0.610 0.612 0.612 Varied 
0.682 «(0-655 0.0% 0.2 04 0.6 0.8 
0.797 0.759 0.766 0°75 Varied Diameter Ratio 


Fie. 9 CoEFFICIENTS OBTAINED a Moptriep I.S.A. ORIFICE 


2 Recommended coefficients, given to the left of the line in the table, are ‘ 
for a minimum head of 12 in. for 6-in. pipe and larger. The probable error Havine Rounpep Comparep I.S.A. 


of a single measurement is less than 1 per cent. FICE COEFFICIENTS 
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Artet HypROELECTRIC DEVELOPMENT ON THE Lewis RIVER IN WASHINGTON 
(An arch dam with a spillway thrust block and an outdoor station.) 


Hydroelectric Practice in the United States 


By A. C. CLOGHER,' NEW YORK, N. Y. 


The author discusses hydroelectric development in the 
United States from the earliest installation up to the 
present time. He points out that hydroelectric plants 
added to large power systems in this country during the 
past 15 years have been constructed because they have 
appeared to be more economical than thermal-electric 
plants for adding the same number of kilowatts to the 
same power system, excepting the construction of hydro- 


ESIGN practice in the United States in respect to hydro- 

D electric developments has been influenced to a consider- 

able extent by a number of practical factors in addition 

to the technical improvements which have been made in the 
design of the plants and the equipment contained in them. 


1Consulting Engineer, Ebasco Services Incorporated. Mr. 
Clogher was graduated from Worcester Polytechnic Institute in 1905. 
He became associated with H. L. Cooper in the design of the Holt- 
wood hydroelectric development and later with the engineering firm 
of Viele, Blackwell and Buck on the construction of the Schagticoke 
hydroelectric development. In 1909 he became associated with the 
Electric Bond and Share Company as hydraulic engineer, and later 
rpg consulting engineer of its subsidiary, which position he now 

olds. 

Contributed by the Hydraulic Division and presented at the Ni- 
agara Falls Meeting of Tue AMERICAN SocieTy OF MECHANICAL EN- 
GivzERs, held at Niagara Falls, N. Y., September 17 to 19, 1936] 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, N. Y., and will be accepted until 
April 10, 1937, for publication at a later date. Discussion received 
after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 


electric plants in those sections of the country where 
hydroelectric plants can compete with thermal electric 
plants in producing power and energy at the load factor 
of the utility loads. The author also discusses the design 
of equipment used in the older and in the more recent 
hydroelectric installations. The paper includes a list of 
the major hydroelectric installations in the United States 
together with their present rating and ultimate capacity. 


Prior to 1910 nearly all of the hydroelectric developments built 
served individual limited loads and areas. In some cases & 
single hydro plant was the sole source of power for a considerable 
community. The loads were small and the reliability of long- 
distance transmission lines had yet to be proved. The financial 
resources of many of these early utilities were limited. All these 
factors had to be taken into consideration by the designer, on 
top of solving the problems presented by a new kind of construc- 
tion. Many of these early generating stations were small, and 
were without much reservoir capacity, being what is now termed 
“run-of-river” stations. Some of them were promoted and 
built as separate and independent entities, the expectation being 
that they would produce and sell power on a wholesale basis to 
others for resale to the ultimate consumer. 

By 1910 the business of producing, distributing, and selling 
residential, commercial, and industrial electric service was fast 
becoming crystallized into the form which has since become 
the present-day public-utility operating company. The twenty 
years immediately following 1910 saw a great growth in load, 
and an equally great change in the methods used in producing 
and distributing power. 
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SEecTION THROUGH THE DEEPEST PORTION OF THE DAM AND Power House OF THE ARIEL DEVELOPMENT 


The consolidation of operating properties was made prac- 


ticable by two major savings in cost. It improved the credit of 
the utilities and made possible more economical financing, and 
substantial operating economies were secured by consolidation, 
especially through diversity in load and power-production sources. 
These changes removed some of the limitations which had been 
hampering the engineers, and the diversified uses of the power 
stations enlarged the opportunities for skill and ingenuity on the 
part of the power-plant designers. Almost all of the power plants 
constructed between 1910 and 1930 were built or caused to be 
built by the operating utility companies for the purpose of sup- 
plying particular sections of their own requirements for power 
and energy. 

Thus today in the modern power system with both hydro and 
thermal generating stations, the run-of-river hydro plants and the 
thermal plants probably will be found on the base load, and the 
hydroelectric plants with storage capacity sufficient for peak-load 
operation, or with storage capacity for stream-flow regulation oc- 
cupying the position on the load curve for which they are best 
suited. Such a power system is operated as an entity with the 
various generating stations treated as parts with diverse charac- 
teristics to be utilized to the best advantage to produce the most 
power for the least cost. The needs of the unified system has 
had a controlling influence on the general design, and on many 


of the details. It has been possible to utilize to advantage many 
marginal hydro sites with special characteristics which fit specific 
needs of the system to be served, which otherwise would have 
been uneconomical. The plants have been made to fit the par- 
ticular load to be carried; the load has not been fitted to the 
power plants. 

A substantial number of the early run-of-river plants are still 
in service. It is true that some of the earlier generating stations 
were not adapted for modern use, or were found to be costly to 
operate. In general, such obsolete stations have been scrapped. 
But a great many of the early power developments are still giving 
good service in their assigned places in the power-producing 
facilities of the utilities of which they are now a part. Their 
retention in useful and profitable service is a distinct economi¢ 
gain, which would not be possible if diversified loads and generat- 
ing stations had not been unified. 

In the early years of this century, hydroelectric plants were 
generally looked upon as competitive substitutes for thermal 
electric plants. But after 1910, engineers began to realize that 
a combination of thermal and hydro generating stations had 
positive operating advantages, and often could produce the 
power required for less cost than could be done by hydro alone or 
by steam alone. As power systems grew in size, as larger de- 
velopments became possible, and as more generating stations 
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Tue 40,000-Hpep Twin OverRHUNG IMPULSE UNIT AND GOVERNOR AT THE BALCH DEVELOPMENT ON THE KinGs RIVER IN CALIFORNIA 


were interconnected, the possible combinations became more 
numerous, and the economy of constructing for specific and 
special purposes became greater. Some areas are still predomi- 
nated by hydro; others are served entirely by steam. But in 
many others combinations are to be found with the hydros carry- 
ing the bulk of the load when water is abundant, and being shifted 
to peak-load service during the dry season when the steam-electric 
plants pick up the base load. 

In the modern power system, the necessary reserves held 
against machine and transmission outage often are provided by 
extra units in the hydro stations, supported by stored water held 
to operate the reserve units when needed. 

In another sense, the hydro and thermal plants are still in keen 
competition with each other. When a new hydroelectric gen- 
erating station is projected, it is necessary to first prove that it will 
supply or make available the required power and energy for less 
cost than would a thermal-electric installation. In making such 
comparisons all the diverse factors must be considered and 
equated. It is often necessary, in complex power systems, to 
rearrange on paper the entire operating procedure including the 
power-plant loadings, and compare the overall results of system 
operation after the various types of plants are installed. In the 
past twenty-five years the efficiency of thermal-electric plants 
has increased greatly, with a consequent reduction in production 
costs. During the same period, in general the most desirable 
hydro sites have been developed. These two factors have 
sharpened the competition so that in most sections of the country 
the thermal-electric plant has an advantage for high-load-factor 
operation. The future for hydro developed on an economic 
basis in competition with other sources of power is probably in 
the low-load-factor and specialty field. 


Puants Have Few UNits 


The size of American operating companies and the extensive 


territory over which their transmission systems extend has re- 
sulted in very few of the larger systems having less than five 
generating stations, and in general, it might be said they have 
between ten and 30 generating plants tied into the same trans- 
mission network. 

In addition to this diversity of generating plants, a great ma- 
jority of the transmission networks are interconnected with other 
networks at several locations. These interconnections are valu- 
able for maintaining service, for interchanging power and energy, 
and for providing for emergency service in case of breakdowns at 
generating stations or at other points. 

These conditions account for one striking difference between 
American and European practice in hydroelectric power-plant 
general design, that is, the use of large units and of a relatively 
small number of them in each station. The whole station itself 
is looked upon as a unit of the producing facilities and this view- 
point has resulted in the construction of several one-unit stations 
and quite a large number with only two units as the ultimate 
installation. Physical limitations in the machines themselves are 
as a rule the reason for more than two units in a generating 
station. 

The flexibility in loading conditions for a large number of sta- 
tions under the control of one despatcher generally makes it pos- 
sible to utilize one or two units very effectively. For example, a 
recently completed one-unit station of approximately 10,000 kw 
capacity is the ninth generating station and the twenty-ninth 
generating unit on the system of which it is a part. It can be 
loaded to the point of maximum efficiency for approximately 20 
hr per day in the winter and for approximately 10 hr per day in 
the summer. Except for a relatively few hours when its maxi- 
mum-peak capacity is required and a six-weeks’ period annually 
when surplus hydro energy is available, it is operated five and 
ove-half days per week at the maximum-efficiency point for that 
number of bours for which water is available. High-water sea- 


4 
Vv | 
: | 
ve 
he 
ns : 
to 
od. 
ing | 
yere : 
hat 
the 
oF 
‘ 


TABLE 1 MAJOR HERRORLECTRS DEVELOPMENTS? IN THE UNITED STATES BUILT SUBSEQUENT TO 1924 AND IN 
PERATION OR UNDER CONSTRUCTION IN 1934 
In operation 4 being installed 
Year of Year of 
Ultimate initial comple- 
Development River State Operating company horsepower Hp __ operation tion 
North and Middle Atlantic drainage area 
Wyman Kennebec Maine Cen. Maine Power Co. 102,000 68,000 1931 1931 
Rumford Falls Androscoggin Maine Rumford Falls Power Co. ,000 36,000 1903 1926 
Gulf Island Androscoggin Maine Cen. Maine Power Co 27,000 27,000 aes 5 1925 
Bonny Eagle and West 
Buxton Saco_ Maine Cumberland County Pr & Lt Co. 23,000 23,000 ee 1927 
Comerford (15 Mile Falls) Connecticut N. H. and Vt. Connecticut River Power Co. 215,000 215,000 1930 1930 
lows Falls Connecticut N. H. llows — Hydroelec. Corp. ,000 ,000 1928 1928 
Harriman Deerfield Vt. New England Power Co. J ¥ 1924 1925 
Cobble Mt. Westfield Little Mass. Turners Falls Pr & Elec. Co. 46,950 46,950 1932 1932 
e_ River Housatonic Conn. Connecticut Lt & Pr Co. 66, x 1929 1929 
E. J. West Sacandaga |, > # New York Pr & Lt Corp. 51,500 34,300 1930 1930 
Spier Fai Hudson iS 4 New york Pr & Lt Corp. ,000 92,200 1904 1930 
enqepaupeck Wallenpaupack Pa. puonersvana Pr & Lt ,000 57,000 1926 1926 
Safe Harbor Susquehanna Pa. Safe Harbor Water Pr eee. 510,000 255,000 1931 1934 
Conowingo Susquehanna d. Susquehanna Electrie Co. ,000 78,000 1928 1928 
South Atlantic and East Gulf of Mexico drainage area 
Reusens James Va Appalachian Electric Pr Co. 20,200 20,200 1904 1931 
High Rock Yadkin N C. Carolina Alum. Co. 44,100 44,100 1928 1928 
Norwood (Tillery) Yadkin N. C. Carolina Pr & Lt Co. 118,900 87,800 1928 1928 
hodiss Catawba N. C. Duke Power Co. ,000 42,000 1925 1925 
Oxford Catawba N. C. Duke Power Co. 56,000 ,000 1928 1928 
Catawba Catawba 8. C. Duke Power Co. ,000 a 1925 1925 
Cedar Creek Catawba 8. C. Duke Power Co. 51,300 51,300 1926 1926 
Saluda Saluda 8. C. Lexington Water Power Co. 330,000 1930 1930 
Terrora Tallulah Ga. Georgia Power Co. 30,400 30,400 1925 1925 
Yonah ‘ugalo Ga. Georgia Power Co. 42, J 1925 1925 
Bartletts Ferry Chattahoochee Ga. Georgia Power Co. 88, x 1926 1926 
Martin Dam (Cherokee 
Bluffs) Tallapoosa Ala Alabama Power Co. 180,000 135,000 1927 1927 
Upper Tallassee Tallapoosa Ala Alabama Power Co. 75,000 50,000 1928 1928 
T (Lower Tallas- 
Tallapoosa Ala. Alabama Power Co. 72,000 72,000 1931 1931 
Ph. A (Lock No. 18) Coosa Ala. Alabama Power Co. 216,000 144,000 1929 1929 
Great Lakes drainage area 
Sault Ste. Marie St. Mary Mich Mich. Northern Power Co. ...... 40,000 
Hardy Muskegon Mich Consumers Power Co. 40,000 40,000 1931 1931 
Hodenpyl Manistee Mich Consumers Power Co. ,000 24,000 1925 1925 
Rochester No. 5 Genesee N. Rochester Gas & Elec. Corp. 54,000 ,000 1917 1928 
Soft Maple Beaver ae Northern N. Y. Utilities, Inc. ,500 21,000 1925 1925 
St. Lawrence River 
Colton (Browns Bridge quette N. Y St. Lawrence Valley Pr Corp. 37,700 37,700 1919 1928 
per ~ River area 
ippe ppewa Wis. Northern States Pr Co. 30,000 30,000 1928 1928 
Prairie Du ong Wisconsin Wis. Wisconsin Pr & Lt Co. 41,150 41,150 1909 1926 
Missouri River drainage area 
Black Eagle Missouri Mont Montana Power Co. 25,000 25,000 1913 1927 
Morony —- Mont. Montana Power Co. 62,000 62,000 1930 1930 
Fort Peck Miss Mont U. S. govt. 532,000 1939 
Casper Alcova North P Platte Wyo. U. 8S. govt. 42,000 42,000 1936 1940 
Osage (Bagnell) Osage o. Union Elec Lt & Pr Co. 268,000 201,000 1931 1931 
Ohio River drainage area 
Piney Clarion Pa. Clarion River Power Co. 34,000 34,000 1924 1928 
Deep Creek Deep Creek Md. Youghlogheny Hydro Elec Corp. 24,000 24,000 1925 1925 
Lake Lynn (Cheat Haven) heat W. Va. West Penn Power Co. 72,000 72,000 1926 1927 
Hawks Nest New W. Va. New Kanawha Power Co. 175,000 140,000 1935 1936 
Dix Dam Dix Ky. Kentucky Utilities Co. 32,724 32,724 1925 1925 
Ohio Falls Ohio Ky. Louisville Gas & Elec. Co. 135,000 108,000 1928 1928 
Waterville Pigeon N.C Carolina Pr & Lt Co. 147,000 147,000 1930 1930 
Norris Dam (Cove Creek) Clinch Tenn Tenn. Valley Authority 120,000 120,000 1936 1936 
Santeetlah Cheoah N. Carolina Alum. Co. ,000 ,000 1927 1927 
Cheoah Little Tenn. N.C Carolina Alum. Co. ,000 ,000 1918 1925 
Calderwood Little Tenn. Tenn Aluminum Co. of America 168,000 112,000 1930 1930 
Blue Ridge Toccoa Ga. Tenn. Elec. Power Co. 26,700 26,700 1931 1931 
Wheeler (Dam No. 3) Tennessee Ala. Tenn. Valley Authority 375,000 48,000 1936 ceee 
Wilson Dam (Muscle 
Shoals) Tennessee Ala. Tenn. Valley Authority 610,000 260,000 1925 1926 


sons of the year, low-load seasons, reserve capacity in hydro or 
thermal plants elsewhere on the same system, and interconnec- 
tions with other power systems, provide the necessary reserve for 
maintenance and breakdowns in such a one-unit station. A list 
of major hydroelectric installations in the United States is given 
in Table 1. Articles describing some of the plants are listed in 
the Bibliography at the end of the paper. 


Srmp.icity oF DEesIGN 


Between 1905 and 1915 there was a tendency to standardize 
hydroelectric plants in their general layout. An even number of 
units was considered preferable, so as to make a symmetrical plan 
centering around a central bay which contained two or more ex- 
citer units or house turbines together with other auxiliaries, in- 
cluding possibly a multiunit, central oil-pumping system for gov- 
ernors and bearings. At the entrance end there would be pro- 
vided repair space and miscellaneous small rooms for storage, 
machine shop, and offices. A prominent feature of such a plan 
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was the switchboard gallery, extending over the auxiliary bay in 
the center. An extensive electrical bay occupied the whole of 
the tailrace side of the superstructure (sometimes it was on the 
opposite side) making a space for generator busses and switch 
gallery, transformers, high-tension busses, and switches and 
special rooms for d-c exciter busses and station auxiliary busses. 
Such a layout was considered the ideal design for hydroelectric 
installations. 

The very large American plants designed in recent years still 
contain many of the principal features of that ideal plant, due 
partly to conservatism, due partly to the fact that idealism is 8 
relatively dominant factor in the design of those plants, and 
due partly to the excellent quality of that conception of a general 
plan for a large hydroelectric plant. 

The competition of thermal plants, the change in service 
requirements, the use of marginal sites, and the “special-purpose” 
plants, have directed the trend of design toward simplicity, low 
construction cost, and low operating expense. It is no longer 
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TABLE 1 
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MAJOR BYDRCELSCU DEVELOPMENTS? IN THE UNITED STATES BUILT SUBSEQUENT TO 1924 AND IN 


ERATION OR UNDER CONSTRUCTION IN 1934 (Continued) 


ear of Year of 
Ultimate initial comple- 
Development River State Operating company horsepower Hp operation tion 
Lower Mississippi River drainage area 
Ozark Beach White Mo. Empire Dist. Elec. Co. 48,000 24,000 1913 1931 
Carpenter Ouachita Ark. Arkansas Pr & Lt Co. 118,500 79,000 1931 1932 
Gulf of California and lower South Pacific drainage area 
Boulder (Hoover) olorado Ariz.and Nev. U.S. govt. 1,835,000 515,000 1935 1941 
Parker Colorado Ariz. U. 8. govt. 
Verde Verde Ariz. U. S. govt. 
Horse Mesa Salt Ariz. Salt River Valley Water Users Assoc. 47,180 47,180 1927 1927 
Great Basin drainage area . 
Cutler Bear Utah Utah Power & Light Co. 43,000 43,000 1927 1927 
Upper South Pacific drainage area 
Copoco No. 1 Klamath Calif. Calif.-Oregon ty 4 Co. 37,200 37,200 1925 1925 
Pit No. 3 Pit Calif. Pae. Gas & Elec. 108,580 108,580 1925 1925 
Bucks Creek Bucks Creek Calif. Grt. West Power Co. of Calif. 67,024 67,024 1928 1928 
Drum Bear Calif. Pac. Gas & Elec. Co. 73,726 73,726 1913 1928 
Big Creek No. 1 Big Creek Calif. So. Calif. Edison Co., Ltd. 109,920 109,920 1913 1925 
Big Creek No. 2 Big Creek Calif. So. Calif. Edison Co., Ltd. 88,470 88,470 1913 1925 
Big Creek No. 2a Big Creek Calif. So. Calif. Edison Co., Ltd. 124,665 124,665 1928 1928 
ig Creek No. 8 Big Creek Calif. So. Calif. Edison Co., Ltd. 77,750 77,750 1921 1929 
Balch San Joaquin Calif. San soogue Lt & Pr Corp. 176,944 44,236 1927 1927 
Exchequer erced Calif. Merced Irrig. Dist. 4,000 2,000 1926 1926 
ocassin Tuolumne Calif. Hetch ey? Water Supply 120,000 : 1925 1925 
Don Pedro Tuolumne Calif. Turlock & Modesto Irrig. Dist. 70,000 41,100 1923 1928 
Stanislaus Stanislaus Calif. Pac. Gas & Elec. Co. 45,576 45,576 1908 1908 
Melones Stanislaus Calif. Pac. Gas & Elec. Co. 36,193 36,193 1927 1927 
Tiger Creek Mokelumne Calif. Pac. Gas & Elec. Co. 80,43) 80,43 1931 1931 
lectra Mokelumne Calif. Pac. Gas & Elec. Co. 75,000 26,810 1902 wean 
Pardee Mokelumne Calif. East Bay Municipal Utility Dist. 
id (Oakland) 20,000 20,000 1930 1930 
San Francisquito No. 1 LosAngeles 
Aqueduct Calif. City of Los Angeles 96,200 96,200 1917 1928 
San Francisquito No. 2 Los Angeles 
Aqueduct Calif. City of Los Angeles 62,000 62,000 1920 1932 
Lower North Pacific drainage area 
iablo agit Wash. City of Seattle 320,000 166,000 1936 1936 
Gorge Skagit Wash. City of Seattle 320,000 78, 1924 1928 
Baker River Baker Wash. Puget Sound Pr & Lt Co. 429 53,619 1925 euaia 
Cedar Falls Cedar Wash. City of Seattle * 800 1904 1929 
Electron Pyallup Wash. Puget Sound Pr & Lt Co. 30,161 30,161 1904 1929 
Cushman No. 1 Skokomish- N. Fk Wash. City of Tacoma ,000 ,000 1926 1926 
Cushman No. 2 Skokomish-N.Fk Wash. City of Tacoma 112,500 75,000 1931 1931 
Lake Chelan helan Wash. Chelan Electric Co. 136,000 ,000 1927 1928 
Rock Island Columbia Wash. et Sound Pr & Lt Co. 210,000 84,000 1933 1933 
American Falls Snake Idaho Idaho Power Co. 41,500 41,500 1912 1927 
Bonneville Columbia Oreg. U. 8. govt. ,000 114,600 1938 Pewee 
Oak Grove P Clackamas Oreg. Portland Gen. Elec. Co. 102,546 50,940 1924 1931 
Ariel Lewis Wash. Inland Pr & Lt Co. 126,000 63,000 1931 1931 
_ a No. 2 Rogue Oreg. Calif.-Oregon Power Co. 70,200 46,800 1928 1928 
6 Ultimate capacity more than 20,000 hp. | 
> Data in this table taken from Table 11 in “A Surv ey of Hydroelectric Developments,'’ Electrical Engineering, vol. 53, 1931, p. 988 and p. 1086. (Table 
given on pp. 1090-1093.) 


necessary to have each plant a self-contained unit, as spare 
equipment in other plants is available in case of breakdown. 

Where simplicity is the dominant note in the design reliability 
must be secured by the greatest possible perfection of every 
detail. Electrical equipment is now so reliable that it is not 
necessary to provide spare exciters for the generators. American 
engineers are now conceiving of hydroelectric units, and in some 
eases of hydroelectric plants, as being only as reliable as their 
weakest link. The design problem, is therefore, to provide 
strength in every link rather than to provide extra or alternate 
links, 

Dams 


The gravity-type concrete dam with the spillway controlled 
by gates and located near the center of the structure, and dis- 
charging into the original river channel at the downstream toe 
of the dam, is a very common type of dam. Protection of the 
tiver bed rock formation was entirely neglected in the early 
projects but it is now almost universal practice to provide 
protection against the erosion which might be caused by the 
discharge from spillways. 

The single-arch dam has been given increased attention during 
the past 15 years and it seems likely that this type of dam will be 
more widely used in the future. Improvements in design, cor- 
toborated by careful laboratory tests, new methods of pre- 
cooling, closing, and grouting, together with greater certainty in 
the quality of our concrete masonry, have shown that the single- 
ach dam, in suitable locations, can effect very considerable sav- 


In being installed 


ings in cost. Several successfully completed and operating dams 
of this type, equipped with gates on the spillway crest and lo- 
cated in the center of the arch, have demonstrated that neither 
favorable topography for a side channel spillway nor tunnels 
are necessary for the discharge of flood waters in the more ordi- 
nary sized structures. 

Artificial cooling of the concrete, first successfully practiced on 
the Ariel arch dam in Washington, avoids any handicap to the 
single-arch dam on account of speed of construction. 

Cellular dams of reinforced concrete and multiple-arch dams 
have been utilized to some extent but some questionably designed 
structures, many poorly constructed ones, especially for severe 
climatic conditions and steadily decreasing costs in the production 
of mass concrete, have mitigated against any widespread use of 
cellular dams. A better understanding of the problems involved 
in the temperature changes in multiple-arch dams may make this 
type of structure more prevalent in the southern half of our coun- 
try in the future. 

It is almost a universal custom in this country to place gates on 
spillways for the purpose of increasing the storage available and 
in order to utilize all of the land which must be purchased to the 
greatest possible extent. 


INTAKES AND CONDUITS 


The predominance of relatively low-head plants in this country 
and the tendency to use very large units has necessitated a careful 
scrutiny of the problem of intake design. Early screening struc- 
tures were built of a combination of concrete and structural steel 
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THE CaLDERWOOD DEVELOPMENT ON THE TENNESSEE RIVER 
(The arch dam is 230 ft high with a low dam below to form a stilling pool 35 ft deep.) 


2a 


INTERIOR OF THE POWERHOUSE AT THE JORDAN DaM DEVELOPMENT ON THE Coosa RIVER IN ALABAMA 
(The plant has four 25,000-kw units operating at 100 rpm. The rated head is 90 ft.) 


without much attention to the possible deterioration of either placeable when properly designed with that end in view. A 
type of material. This shortcoming has been corrected in two _ splice in the vertical members at an extremely low water elevation 


ways, one, by the use of all reinforced concrete for the fixed struc- makes it possible to replace the top or fast deteriorating section ie 
ture, and the other by the use of all structural steel. Concrete is quite easily, and bronze anchor bolts and nuts make the replace-_ (Pow 
Tated 


more expensive and presumably need never be replaced while ment of the whole structure possible, with the aid of a diver. at 
structural steel is relatively cheap in first cost and easily re- some distant vear of the future. 
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Mechanical rakes are success- 
ful and utilized where the 
amount of trash is appreciable. 
Compressed air has been found 
effective and is utilized exten- 
sively for lifting trash on the 
screens to the water surface, 
where it can be removed and 
disposed of. It is also useful 
in pumping warm water from 
the bottom of the reservoir to 
the surface and in this way 
is helpful in avoiding ice trou- 
bles around screens and at 
gates on the spillways. 

There has been too great a 
tendency to design intakes on 
the assumption that increasing 
the velocity of flow was the 
symmetrical opposite of de- 
creasing the velocity. Experi- 
ments with models have shown 
that an increase in velocity 
can be accomplished very 
quickly and that consequently 
elaborately long  bellmouths 
and a multiplicity of large 
gates necessitated by the use 
of such an entrance, are not 
necessary and certainly are 
not justified by reason of any 


Oak Grove DEVELOPMENT ON THE CLACKAMAS RIVER IN OREGON 


by two 25,000-kw units operating at 514 rpm under a 
9 ft. The highest head reaction units in the United States 
are located in this station.) 


(Power develo 
tated head of 
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Tue Morony D&vVELOPMENT ON THE Muiussourt River In Montana SHOWING 
THE Low PowsRHOUSE AND GANTRY CRANE 
(Installed with two 22,500-kw units operating at 81.8 rpm under a rated head of 82.5 ft.) 


economic advantages to be obtained thereby. For medium- 
head plants in which the units are placed as close as possible 
to the downstream toe of a bulkhead wall, the reduction in the 
length and cross section of the conduit and the confining of the 
water within a steel penstock limits the uplift effect of the water 
and provides more weight in the upstream side of the wall. 

Canals of course continue to be the cheapest method, where 
favorable topography exists, for conducting water from diversion 
point to forebay. The use of canals, however, has been very 
much reduced during recent years because the low cost, perma- 
nency, freedom from operating troubles and the additional storage 
obtained by building a dam with power plant adjacent, have out- 
weighed the use of canals in low- and medium-head develop- 
ments, and in the case of high-head plants, because of climatic 
and topographic conditions which generally make the canal still 
more unreliable and expensive to operate. The use of canals in 
our hydroelectric plants during the past 15 years has been rather 
exceptional. They are almost invariably lined with concrete, 
although irrigation practice ‘has shown that in mild climates a 
very thin coat of mortar shot from a gun over a wire mesh re- 
inforcement may be more economical. 

Wooden flumes have proved to be economical and effective as 
water conduits in many of our developments heretofore and gen- 
erally these are being replaced with the same type of structure, al- 
though conditions have not been favorable in recent years for 
very many new projects involving wooden flumes. Canals and 
open flumes are at a disadvantage for low-load-factor projects 
unless there is storage capacity between them and the generating 
station. 

Wood-stave pipe lines seem to be a type of structure peculiar 
to the United States and this type of pipe continues to be utilized 
where conditions are suitable for pipes up to as large as 12 to 16 ft 
in diameter. In most parts of the country they still continue to 
show a very considerable economy over pipes built of plate steel. 


2 
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OsaGE DEVELOPMENT ON THE MissouR! RIVER 
(Installed with six 21,500-kw overhung units operating at 112.5 rpm under a rated head of 90 ft.) 


The earlier wood-stave pipe lines were either fully buried in 
the ground or buried to the horizontal diameter, It was found 
that in most situations much more rapid decay resulted in the 
case of buried or partially buried wood-stave pipes. Fine tightly 
packed soil, which is thoroughly saturated by the leakage from the 
pipe itself, is favorable to long life. In most locations, however, 
it has been found that the best results could be obtained by sup- 
porting the pipe above ground. A great majority of the larger 
sized wood-stave pipe lines for hydroelectric plants constructed 
during the past 15 years have been so constructed. Wooden 
saddles have been utilized on minor installations but in the more 
important projects, reinforced-concrete saddles or structural- 
steel saddles extending almost around the bottom half of the pipe 
have been utilized. These saddles are placed accurately on 
masonry foundations, the pipe being erected in the saddles 
previously fastened in place. 

The slight amount of leakage which is involved in continuous 
woed-stave pipes tends to saturate reinforced-concrete saddles 
and places a severe test upon the permanency of such concrete 
when used in climates having severe winter weather conditions. 

In the case of both continuous wood-stave pipe and plate-steel 
pipe utilized as flow lines on almost'a horizontal grade for hydro- 
electric plants, a considerable amount of engineering analysis 
and model testing has proved to be justified in order to determine 
the most economical design and spacing of saddles, and the stif- 
fening necessary on the pipe. The design of saddles and stiffeners 
is governed by the problem of filling the pipes rather than by the 
load carried after the pipe is filled and under pressure. 

In the use of plate-steel penstocks, riveted connections have 
until recent years been used in the great majority of projects. 
For extremely high heads, butt-welded joints have been used 
on the longitudinal seams with either riveted or bolted flange 
connections for the circumferential seams. In recent years the 
development of electric welding both in the shop and in the field 
indicates that this type of welding will be used more prevalently 
in the future. 

Pressure tunnels have not been used extensively in this country 


although we have one project in which this type of conduit was 
used for a length of 33,000 ft and a maximum head of over 800 ft. 
Exceptionally favorable geologic conditions were present and the 
conduit has proved to be a complete success, although it was lined 
with only a minimum amount of unreinforced concrete. It is 
possible where the formation is favorable that this type of con- 
duit will be used more in the future, particularly in view of the 
development of machinery for lining tunnels with concrete and 
greater familiarity in the use of grouting machines for tightening 
the structure adjacent to the conduit after the lining has been 
placed. 

In subdividing flow lines or in taking off branch lines for differ- 
ent units in a power plant, it is the general practice to use wyes 
in these flow lines so as to present no abrupt changes in direction 
of flow or velocity. This is somewhat in contrast with the 
European custom of extending a penstock parallel to one side of 
the generating station and taking off a branch to eavh turbine by 
means of a tee connection. 

The differential surge tank has been used in this country for 
over 20 years and while its adoption by engineers in this country 
was rather slow, it is now universally accepted as being the most 
economical method of taking care of the surges in long flow lines. 


VALVES 


Gate valves designed in accordance with standard water- 
works practice have proved satisfactory for moderate heads and 
small sizes, but as larger sizes have been required, standard valves 
have not proved to be adequate although satisfactory results have 
been obtained where the so-called follower-ring type of gate valve 
has been utilized. The cheapest, reliable large valve, and one 
which has been extensively utilized, is the pivot or butterfly valve. 
There has been an extensive and successful use also of the hy- 
draulically operated needle valve. The Escher Wyss rotary- 
type valve has been used in this country to only a very small »x- 
tent. 

In the simplification of some of our plants, ecespially those 
where only one unit is supplied from one penstock, it has been 
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found practicable to omit any valve at the lower 
end of the penstock for heads as high as 200 ft. 


This simplification has proved to be quite satis- Development 

factory but necessitates the installation of a very — Shoals 
reliable intake gate. Olmsted 

SwiTcHEs AND TRANSFORMERS Mitchell Dem 
ower e 

In generating-station design, the practice of American Falls 
housing high-voltage transformers and switches 
Lewiston 


has been almost entirely abandoned. It is 
generally the custom to design the substructure 
just large enough to contain the water turbine in 
a substantial block of masonry with a platform Arie! 


Merced Falls 


overhanging the tailrace providing space for the Dam No.7 
high-tension step-up transformers. In recent Twin Falls 
Wheeler Dam 


years even busses at generator voltage have been 
eliminated or have been placed out of doors so 
that the superstructures have been limited in size to the size of 
the masonry comprising the substructure. It has been found 
that with the auxiliary equipment simplified, practically all 
of it could be placed in the space around the unit made available 
by reason of the nature of the design of the turbine and 
generator. 


Ovurpoor-TyPe GENERATING PLANTS 


Excepting for the Hengstey II power plant in Germany and the 
Vargon development in Sweden, no other instance is known of 
European engineers adopting the plan of utilizing an outdoor 
crane, and thereby reducing the superstructure to that size neces- 
sary to enclose the generating units only. This arrangement was 
first used in this country in 1912 and has now been adopted in the 
case of some of our largest power plants. This scheme is no 
longer experimental. It has been adopted for 20 generating sta- 
tions, some of them in locations where our most severe winter 
climate prevails and the record shows approximately 220 plant 
years of successful operation. 

The outdoor crane has been used in this country at two ther- 
mal-electric plants and at a number of substations containing 
large synchronous condensers. A list of plants using outdoor 
cranes is given in Table 2. 

It is claimed that both the cost of and time for the construction 
of a generating station can be saved by the use of outdoor cranes. 
It is believed, however, that conservatism has prevented their 
more general adoption in this country. It is in stations having 
a large number of units that the larger percentage of savings in 
cost can be shown for the outdoor-crane type of design. 

While a number of the early hydroelectric units, especially in 
the larger sizes, utilized vertical shaft multirunners with direct- 
connected generators, horizontal-shaft units were the predomi- 
nant type between 1900 and 1910, after which time the single- 
runner, vertical-shaft type of unit began to gain the ascendancy, 
a strong impetus being given to the vertical-shaft type at that 
time by the development of the Kingsbury thrust bearing. Since 
1915, the single-runner, vertical-shaft, direct-connected generator 
type of unit has been almost universal for reaction-type turbines. 

The vertical-shaft type of unit with three guide bearings, one 
on top of the turbine, one below, and one above the generator 
rotor, with the thrust bearing located above the upper guide 
bearing and supported by means of brackets on the top of the 
generator stator frame, with a direct-connected exciter above the 
thrust bearing (for speeds of 100 rpm and higher) had become 
practically a standard type in this country by 1920. 


UMBRELLA-TYPE GENERATOR 


In 1923, a decided variation in this arrangement was intro- 
duced, which has been called the “umbrella” or “overhung” type 


Norwood (Tillery) 
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TABLE 2 HYDROELECTRIC PLANTS WITH OUTDOOR CRANES 


Num- Capacity Year of 
ber of dam initial 


each 
Operating company State units unit, kw operation 

Alabama Power Co. Ala. 2 500 1912 
Pacific Pr & Lt Co. Wash. 1 1,400 1914 
Utah Pr & Lt Co. Utah 1 5,500 1917 
Utah Pr & Lt Co. Idaho 1 7,500 1917 
Idaho Power Co. Idaho 1 6,000 1920 
Alabama Power Co. Ala. 3 17,500 1923 
Pacific Pr & Lt Co. ore 1 6,000 1923 
Idaho Power Co. Idaho 4 6,000 1924 
Minnesota Pr & Lt Co. Minn. 2 6,000 1924 
Consumers Power Co. Mich 2 850 1925 
The Washington Water Pr Co. Idaho 2 5,000 1927 
Carolina Pr & Lt Co. N. C. 2 22,000 1928 

1 18,000 1928 
San Joaquin Lt & Pr Co. Calif. 1 3,440 1930 
The Montana Power Co. Mont. 2 22,500 1930 
Inland Pr & Lt Co. Wash. 1 45,000 1931 
Arkansas Pr & Lt Co. Ark. 2 28,000 1931 
Kentucky Hydroelectric Co. Ky. 3 700 1929 
Union El. Lt & Pr Co. Mo. 6 21,500 1931 
Idaho Power Co. Idaho 1 8,450 1935 
Tenn. Valley Authority Ala. 2 32,000 1937 


of unit. It has been advocated and used only for units in the 
lower speed range and, depending on the kilowatt capacity of the 
generator, it is feasible to use this type up to speeds between 200 
and 300 rpm. 

In the umbrella-type unit, the thrust bearing is placed under 
the generator rotor and is supported on brackets resting on the top 
of the cylinder separating the turbine and the generator. The 
three guide bearings have been reduced to two in most cases, one 
being located as high up as possible and directly under the thrust 
bearing, the other being located on the turbine head cover. In 
some of the higher-speed units a relatively light bracket and guide 
bearing has been placed on top of the generator as well. This 
has been deemed desirable in cases where the speed approaches 
the higher range and a direct-connected exciter is mounted on top 
of the generator. The change in the location of the thrust bear- 
ing from above to below the generator was not new in 1923. That 
scheme was utilized in several of our more important stations in 
the early period of hydroelectric development but it had been 
practically abandoned by 1915. 

The advantages of the umbrella type are that it reduces the 
guide bearings from three to two, materially shortens the span 
necessary for the bracket supporting the thrust bearing, and 
makes it possible to dismantle the generator for inspection and re- 
pairs without disturbing the thrust bearing, shaft, and turbine. 

With impulse-type units, horizontal shafts are almost the uni- 
versal practice. The number of impulse-type installations in 
important hydroelectric projects in this country during the past 
15 years has been relatively small. The few large installations 
which have been made consist of two bearing units, the generator 
being mounted in the center and an impulse turbine overhung 
on each end of the shaft. One nozzle on each runner is the gen- 
eral practice. 


GENERATOR EXCITATION 


There has been a continuing tendency toward simplification 
in the provisions for exciting the main units except in the very 
large generating stations containing a large number of units. In 
some of these larger plants, a-c house units provide power for 
driving a motor-generator exciter located close to each unit. 
Spare motor-generator sets are generally provided for use in case 
of trouble with the regular unit. 

In some of the larger plants and in practically all of the smaller 
and least important plants, except those in which the units 
operate at extremely low speeds, the direct-connected exciter is 
the more prevalent type. It has been customary to provide some 
type of reserve exciter such as a motor-driven or a water-wheel- 
driven exciter which can be connected for use on any one of sev- 
eral of the main units, but on account of the fact that present-day . 
exciter generators are among the most reliable pieces of ma- 
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chinery used in connection with hydroelectric-power generation, 
there is a tendency toward the elimination of spares and making 
the use of each unit entirely dependent on the availability of its 
particular direct-connected exciter. 

In many of the slower-speed units, on account of increased cost 
of slow-speed exciters, motor-driven exciters are used and de- 
pendence for the starting of the station and a power supply, if 
the plant happens to be completely shut down, is placed on the 
transmission line or lines entering the station from the transmis- 
sion system. 

Pilot exciters are coming into use to an increasing degree with 
the larger machines. The inherent advantages obtained are 
quick-response excitation which helps to maintain system sta- 
bility, the ability to reach lower stable values of field excitation 
for leading power-factor conditions, and the elimination of the 
generator field rheostat with consequent saving in space and cost. 


VENTILATION 


In the early stages of hydroelectric development, generators 
were cooled simply by fans built into the machines or so arranged 
as to circulate air through the coils of the armature. No attempt 
was made to separate the incoming from the outgoing air and, in 
hot climates with only the thermocycle to change the air in the 
generating-station building itself, this often resulted in limiting 
the capacity of the generators. As the vertical-shaft type of unit 
became more popular, improvements in ventilation were gradu- 
ally made by introducing air from outdoors through a duct to the 
underside of the generator and discharging it into the generating 
station where it escaped through the windows. Later on this 
system was improved by conducting the hot air discharged from 
the generators out of the generating station through a duct and 
in many cases the air entering the generator was passed through 
an air washer for the purpose of cleaning and cooling the air and 
increasing the generator capacity. 

About ten years ago, the completely enclosed generator came 
into use, one in which the air is circulated alternately through the 
generator and through cold-water cooling coils. This method of 
cooling generators is utilized in the great majority of installations 
at the present time. It is particularly adaptable to hydroelectric 
units where there is generally an ample supply of sufficiently cold 
water to carry away the heat in a comparatively small space, and 
this method of cooling provides greater freedom and more space 
for auxiliaries directly around the unit itself than is the case when 
air washers and air ducts are utilized. 


GENERATOR VOLTAGES 


In the early stages of hydroelectric development 2300 v was 
the common generator voltage. This is seldom used now and 
6900 v is standard for the smaller machines and 13,800 v for 
those of the larger sizes. The use of busses at generator voltage 
was quite common up to about 1920 but in stations built since 
that time the tendency has been to get away from this arrange- 
ment. This same tendency is apparent in the design of our 
thermal-electric stations as well. Many installations now pro- 
vide no oil circuit breakers between the generator and the trans- 
former which is installed as a unit with the generator. In many 
such cases an auxiliary house-service transformer is tied solidly 
on to the generator leads. 


TRANSFORMERS 


High-voltage step-up transformers are now almost universally 
placed either directly against or outside the generating-station 
building and the unit high-voltage circuits connecting with high- 
voltage switches and busses are located either on the top of the 
generator station and dam or in a switchyard located at some dis- 
tance from the generating station where a sufficiently large area 


of flat ground is available. This is particularly desirable when 
the generating station is the focus of a number of high-tension 
transmission lines. 

BEARINGS 


Twenty-five years ago the Kingsbury bearing greatly simplified 
the thrust-bearing problem by eliminating the circulation of oil, 
particularly at high pressure. In some of the earlier Kingsbury 
bearings the oil was circulated between the bearings and cooling 
tanks by means of exterior pumps, but the universal practice at 
the present time is to enclose the bearing in a bath of oil and in 
this oil bath to provide coils for keeping the oil cool by circulating 
cold water through them. 
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(The installation consists of four 15,000-kw pro’ -t units operating 
at 100 rpm a rated bed of Provision for unusually 
water. 


Lubrication of vertical guide bearings has been simplified from 
elaborate central oil-pumping and cooling systems circulating oil 
to each bearing to one in which a small pump is made a part of 
the bearing and operated from the main shaft. Careful develop- 
ment of these pumps has improved their reliability and it is quite 
common to rely on one such self-contained pump for lubricating 
the turbine bearing and one pump for lubricating the generator 
bearing or both generator bearings if there are two such bearings 
on the unit. For the guide bearing directly above the turbine 
runner, water lubrication has never been abandoned, however, 
and many units with that type of lubrication are in successful 
operation. 

The development of the umbrella-type unit, having only to 
guide bearings, of necessity requires very accurate alignment of 
the lower bearing. The difficulties involved in connection with 
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the design and operation of the 
oil-lubricated bearing on the top 
of the propeller or Kaplan type 
of runner have revived interest 
in water-lubricated bearings and 
the lining of these bearings with 
rubber instead of lignum vitae is 
indicated for many future in- 
stallations. 

Turbine and generator shafts 
are generally made by the respec- 
tive manufacturer of the ma- 
chines and are joined by means 
of a forged flanged coupling. 
Some operating companies have 
insisted on the use of one piece 
of shaftihg for the whole unit or 
on sufficient crane clearance and 
other clearances large enough so 
that the flanged coupling need 
never be dismantled after its 
first erection. 


TuRBINE TYPES 


The Francis type of runner 
has always been the predomi- 
nant one in this country because of the relative scarcity of sites 
suitable for impulse machines. This type of runner has been uti- 
lized in quite a number of developments for heads over 600 ft, 
the highest being an installation under a head of 930 ft. Reac- 
tion turbines have been feasible and economical for these higher 
heads because of the large size of the units involved. 

Propeller and the Kaplan movable-vane runners have come into 
use gradually during the last 15 years, and the installations 
have gradually increased in capacity and the amount of head 
involved. In the future, we shall probably see very few installa- 
tions of Francis turbines for heads under 75 ft since the 
propeller-type runner is now very generally accepted for low-head 
installations. One installation of automatically self-adjusting run- 
ner blades is in operation but this type of blade control is so new 
that the opportunity has not yet presented itself for the adop- 
tion of many installations of this type. 

Scroll cases for the passageways leading to and around the tur- 
bine are constructed of materials dependent on the size of the unit 
and head under which it operates. For extremely low heads, re- 
inforced-concrete scroll cases or open flumes are used. For high 
heads, cast iron is used for small units and cast-steel, riveted, or 
welded steel plates are used for the larger units under the higher 
heads. In many installations the top half of the plate-steel 
scroll case is not buried tightly into the concrete comprising the 
substructure of the generating station. Instead the top half of 
the casing is covered with a crushable material such as celotex, 
which, by reason of its easy compressibility allows the turbine 
casing to “breathe” without distorting or overstressing the con- 
crete surrounding the casing. 

Draft-tube design has been the subject of much study and 
laboratory testing. The elbow type of draft tube is the one most 
widely used, although the vertical tube with variations of a con- 
centric cone of metal and concrete directly under the runner has 
been used to a considerable extent. The central cone extending 
all the way up through the draft tube to the bottom of the central 
part of the runner is now the general practice when this type is 
used. 

In many installations it has been found that the efficiency of 
the unit is considerably increased at the lower gate openings and 
that smoother operation and avoidance of water hammer in the 
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(Installed with six 28,000-kw units. The rated head is 55 ft and the speed of 60-cycle units is 109.1 rpm 
while the speed of the 25-cycle unit is 100 rpm.) 


draft tube is secured by the admission of air at the top of the run- 
ner and draft tube. The amount entering is adjusted automati- 
cally by means of levers connected to the gate mechanism and de- 
creases as the gate opening increases, usually becoming zero at 
about 40 per cent gate opening. 

Turbine runners are made of cast iron, cast steel, and various 
types of bronzes depending on size, capacity, and quality of the 
water. Construction of runners of stainless steel has been seri- 
ously proposed but not as yet put into practice. 

Observation of pitting on a great many turbine runners and 
laboratory tests has shown engineers the importance of cavita- 
tion in turbine maintenance. As a result of these studies tur- 
bines are now generally set as low as possible relative to tailwater. 

. Small turbine runners for many years have been made of steel 
plates pressed accurately into shape and fused to a cast-iron hub 
and outside ring by casting the iron directly against the plates. 
This method has been used principally in small installations and - 
has not been very generally adopted in American hydroelectric 
practice. However, it is being revived now on account of the per- 
fection and reliability of electric welding. The modern method 
is to cast the hub and outside ring of steel separately and by 
means of electric welding assemble these cast-steel parts with the 
pressed-steel plates. 


GOVERNORS 


The hydraulic oil governor actuated by flyballs has been in use 
almost from the inception of hydroelectric development. It is 
still used exclusively for governing hydroelectric units, although, 
of course, it has been improved upon and enlarged in size from 
year to year. In general, it might be said that most American 
operators of hydroelectric stations have not insisted upon extreme 
sensitivity and quick action in hydraulic governors. Many of 
the power systems have had some steam turbines operating as 
part of the generating capacity and most of the operators in the 
past have been content to allow the steam turbines to do the 
governing, the gate opening of the hydraulic units being set by 
means of a governor stop or resulting from sluggishness because 
of purposeful adjustment or neglect. This method of operating 
has been satisfactory in many of the power systems in the past, 
but with the extensive interconnections which have come into 
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use in the past fifteen years, the demand for synchronization 
and operating interconnections over increasingly large areas of 
the United States and the demand for better speed regulation, 
have made it necessary to provide well maintained hydraulic 
governors on all important units. It is now quite generally 
appreciated that any governor operated against a stop eliminates 
just so much governing capacity from the system and changes 
the governor into practically nothing more than a safety device 
against runaway. 


AvuToMATIC CONTROL 


Automatic control of the pilot-valve setting is now a definitely 
accomplished fact both for controlling speed and controlling load. 
Many of these automatic installations are in use. 


Section THROUGH THE POWERHOUSE AT SAFE HARBOR SHOWING THE UNIT 


It has been customary for many years to provide a governor 
switch on the control board so that the motor used for changing 
the length of the pilot-valve stem could be actuated by an opera- 
tor observing either speed or load on the instrument board. The 
automatic-control apparatus referred to previously does this auto- 
matically either for one unit or for a group of units and can be 
arranged to open and close the gates on a group of units so as to 
secure the maximum efficiency from the group. This apparatus 
is applicable to thermal-electric units as well as to hydroelectric 
units and is utilized on one or more plants of practically all of the 
areas of the country now tied together and operating in syn- 
chronism. 

This apparatus does nothing new and does only what can be 
accomplished by well-trained operators giving continual attention 
to the speed or load, whichever it is desired to control in any 
particular station or for any particular unit. It has the ad- 
vantage, however, that it gives continual attention to the problem 
of adjusting the governors to secure the speed and load required 
and sends an impulse to the governor to accomplish this every 
2 sec so that accuracy of results has been secured which has never 
been possible by means of human control. The use of this auto- 
matic apparatus makes possible the greater interconnection and 
eynchronous operation of large transmission networks and in many 


cases makes it possible to transmit power over long lines of small 
capacity in greater quantities and with much greater reliability 
and protection against overloading of switches than it has been 
possible to accomplish heretofore. 


SwITCHBOARDS 


The extensive switchboard gallery, one of the important fea- 
tures of the standard plan for hydroelectric stations, referred 
to previously, is entirely outmoded. It is now called the control 
room and may be located in almost any part of the building or 
even outside in a separate building. In some instances, the heri- 
tage of the switchboard gallery still compels its location where 
windows may be provided so that the operators can look into or 
down onto the generator room. Many designers and operators 
do not consider it essential that any 
other part of the plant be visible from 
the control room but in small stations, 
it is preferably located tor convenient 
supervision of all operating machinery: 

The control room is constructed so 
as to be as quiet as may be practicable 
by carefully soundproofing it against 
the noise created by the main units 
and auxiliary machinery. It is sep- 
arately heated, cooled, and ventilated 
so as to secure more uniform and 
comfortable atmospheric conditions 
sm than is possible in the main part of 

the station itself. 
Increasing attention is being given 


fa to the ventilation of all parts of the 


generating stations, particularly with 
a view toward securing cleanliness. 
It has long been the custom to screen 
all windows and doors but the tend- 
ency today is to design generating 
stations so that all windows and 
doors can be kept closed all the 
year round, and the station venti- 
lated mechanically with perhaps a 
very slightly higher pressure in the 
building than outside. This feature 
is especially desirable in semiarid 
parts of the country where there is a considerable amount of 
dust in the atmosphere. 

Architectural and structural details are generally designed 
strictly from a utilitarian point of view, factory standards being 
used in most cases. In many of the larger plants, careful atten- 
tion has been given to securing a pleasing architectural effect 
in the superstructure although as a general rule it might be said 
that American practice places much less emphasis on architec- 
tural expression in generating-station buildings than does Euro- 
pean practice. 

Automatic operation of small hydroelectric plants has pre- 
sented a fascinating problem to designing engineers for the past 
20 years. Several automatic stations are in successful opera- 
tion, one of them containing a unit of 12,000-kw capacity. 
Very little progress is being made toward a wider adoption of the 
automatic plant because of its high cost for extremely small 
plants and because of the fact that for the larger plants, it has been 
found that the advantage of not having an attendant is offset by 
the reluctance of the operators in charge of the property to lock 
the plant and leave it without a watchman. This has resulted 
in a compromise in some instances and in so designing the 
plants that only a very small operating force is required. Where 
a station is located within a very few miles of another op- 
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erating station, control cables have been utilized for operating 
the auxiliary station and controlling it to a limited extent from 
the contro] room of the larger station. Many small and un- 
important stations are equipped for operation without an at- 
tendant under ordinary conditions. An attendant visits the 
plant once each day and must be present to start and syn- 
chronize it if it should automatically shut itself down. 
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Hydroelectric Practice in Canada 


By T. H. HOGG,' TORONTO, ONT. 


The author discusses the advances in hydroelectric 
practice that have been made during the last twelve years, 
sketching first the revolutionary changes which had taken 
place in the earlier years of the century. An account of 
the rapid growth in hydraulic development in Canada, 
which reached a total of 7,909,000 horsepower by the end of 
1935, is amplified by tabular and graphic records of the 
energy generated in central electric stations in the coun- 
try. 

A survey is then made of the principal changes made in 
various elements of hydroelectric developments. There 
has been a great advance in the use of propeller-type units, 
and their field has been extended in capacity and to higher 
heads than was the case in 1924, but no radical advance can 
be recorded in connection with Francis turbines of moder- 
ate specific speed. Reference is made to improvements in 
welding practice in connection with the renewal of pitted 
parts of turbine runners and in electric drives for governor 
flyball heads. 

A survey is then made of electrical equipment, in which 
it is seen that, while advances in generator, transformer, 
connections, and switching practice are comparable to 
those experienced in the purely hydraulic portions of the 
installation, the most striking advances have been made 
in control and automatic-relay protection. 


HE WRITER of a paper presented at the World Power Con- 
“see at London in 1924, dealing with water-power develop- 

ment in Canada, made this assertion: “It may be stated, 
with a fair degree of assurance, that the future holds no prospect 
of revolutionary advances in the art such as have taken place 
in the last twenty years.” That period had seen a gradual in- 
crease in unit capacity of turbines, and improvement in their 
efficiency, an extension in realization of high efficiency over a 
greater percentage of the full capacity of the unit, perfection of 
the means of supporting revolving weights, and development of 
effective means of controlling long water columns. 


1 Chief Hydraulic Engineer of the Hydro-Electric Power Com- 
mission of Ontario. Dr. Hogg was graduated from the University of 
Toronto in 1908 with the degree of B.A.Se. In 1914 he received the 
degree of C.E. and in 1927 the honorary degree of doctor of engineer- 
ing. Before attending the University—from 1902 to 1904—he was 
on the engineering staff of the Ontario Power Company. His vaca- 
tions during his University course were spent with the Niagara, 
Lockport, and Ontario Power Company on high-tension transmis- 
sion-line construction. After graduation, he remained at the Uni- 
versity for a short time, and in 1909 returned to the Ontario Power 
Company as assistant designing engineer, and was engaged also on 
the preliminary surveys and as superintendent of construction of the 
Salmon River plant at Pulaski, N. Y. Dr. Hogg was editor of The 
Canadian Engineer in 1911 and 1912. He became assistant hydraulic 
engineer of the Hydro-Electric Power Commission in 1913, and chief 
hydraulic engineer in 1924. He has had charge of the hydraulic 
design and construction of a score of the water-power projects 
of the organization, having a total capacity of over 750,000 horse- 
power, 

Contributed by the Hydraulic Division and presented at a meeting 
of Tue AMERICAN Society or MecHANICAL ENGINEERS, held at 
Niagara Falls, N. Y., September 17 to 19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Reference was made to the position at that time of the propel- 
ler-type runner, undoubtedly a revolutionary advance in water- 
power development, which was, in 1924, just beginning to find 
its place. European and American practice had diverged some- 
what in the development and application of this type of equip- 
ment, which is referred to later. 

A field inviting investigation at that time was the cause and 
nature of pitting of turbine runners. The extent to which this 
proceeded in comparatively brief periods in many installations 
and the perfect freedom from it in others presented problems of 
great scientific and economic interest. Decided advances have 
been made toward a solution of the problems presented by the 
phenomenon of pitting. 

Reviewing changes that have taken place since 1924, we find 
improvements have been made in governing equipment, in draft- 
tube design and in simplification of the layout of the hydraulic 
plant, but, in general, it may be said that the prediction of the 
improbability of revolutionary advances in the art, in so far as 
hydraulic plant is concerned, has been confirmed. 

This is not true, however, in the broader field of hydroelectric 
practice. In generation, transformation, and transmission of 
electric power, notable changes have taken place. It is signifi- 
cant, however, that these changes do not apply so strikingly to 
generating and transforming equipment as to switching, control, 
and protective equipment. True, there have been advance in 
generator design and changes in practice regarding transformer 
equipment, but these are comparable to the advances made in the 
turbine, draft tube, and plant layout. 


SraTISTICAL 


In common with many other countries, Canada has experienced 
a rapid growth in water-power development. Developed water 
power, which at the beginning of the century totaled less than a 
quarter of a million hp, through a fairly rapid growth reached a 
total of 3,590,000 hp by 1924. The rate of growth thereafter 
for eight years was at the extremely rapid rate of 440,000 hp 
per year, so that the total developed power exceeded 6,125,000 
hp at the end of 1930. It was hardly to be expected that the rapid 
growth which took place under the impetus of the business ex- 
pansion subsequent to 1924 would continue, but, in spite of the 
adverse economic conditions of recent years, there has been a 
great increase in developed power, until at the end of 1935 it 
amounted to 7,909,000 hp. 

It is quite true that a portion of the increase since 1930 is 
accounted for by the completion of developments planned in the 
years preceding 1930. In view of this, a more significant gage 
of the growth of the industry is provided by the number of kilo- 
watts generated by central electric stations. It must be kept 
in mind that central electric stations include only those electric 
stations which generate power for distribution, and therefore 
do not include hydraulic and hydroelectric stations generating 
power for specific industrial establishments. As ninety-eight 
per cent of the output of central electric stations in Canada is 
generated in hydroelectric plants, and as the great majority of 
hydraulic plants are included in central stations, the energy 
generated in central stations year by year is a very reasonable 
gage of the growth in importance of the hydroelectric industry. 
The output of central electric stations in Canada amounted to 
9,315,277,000 kwhr in 1924, and to 18,093,802,000 in 1929, after 
which a decline took place until 1932, when the output amounted 
to 16,052,057,000; but a subsequent steady increase carried 
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it to 23,410,000,000 kwhr in 1935. Developed hydraulic horse- 
power and output of central electric stations year by year since 
1924 are shown in Fig. 1. 


Power Suppty ror Minin@a INpustTRIES 


An outstanding problem in hydroelectric-power generation is 
the growth in amount of and special provisions for meeting re- 
quirements of mining and related industries. To appreciate the 
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significance of this, it is necessary to consider recent developments 
in mining in the Dominion. 

The remarkable growth of the industry is shown by a considera- 
tion of the value of mineral production, which fifty years ago had 
a value of only $10,200,000, but has grown in recent years as in- 
dicated by the following tabulation: 1896, $22,474,256; 1906, 
$79,286,697; 1916, $177,201,534; 1926, $240,437,123; 1935, 
$310,162,455. 

The value of production was as high in 1929 as in 1935, after 
which there was a slight decline, from which the industry has 
now recovered. In considering these figures it must be kept in 
mind that, while gold has risen in price, nickel has remained 
stationary, and all other products, metallic and nonmetallic, 
bring lower prices than the record prices of 1929. Copper, lead, 
and zinc are now selling at very low prices, lead and zinc remain- 
ing close to their minimum value. The present high production 
thus indicates a greatly increased gross tonnage from the mines, 
a greater use of power, and wider employment of machinery. 

To meet the power requirements of the industry, numerous 
isolated developments have been necessitated by mines located 
far from existing sources of power supply and at points to which 
transportation of equipment is difficult and costly. This latter 
feature is not new in the mining industry, but in Ontario and 
Quebec, lacking as they do coal deposits, it precludes the use of 
fuel-produced power for miring and milling operations. Diesel 
power is utilized in some places in these provinces, and for pre- 


liminary operations in a new field local fuel is used, but one of the 
chief concerns of the mine manager now is to locate a dependable 
source of electric power. Probably ninety per cent of the mines 
in Ontario and Quebec use electric power for all purposes. Fur- 
thermore, electric equipment is used more extensively for domestic 
purposes in the communities in the mining districts than in other 
parts of these provinces. 


HypRav.ic TURBINES 


The assertion in 1924, referred to at the beginning of the paper, 
that we had at that time probably reached the ultimate in ef- 
ficiency of Francis-type turbine runners, has been confirmed. 
No claims have been made for greater efficiency than was ob- 
tained at that time in a number of notable developments in 
Canada and elsewhere. In March, 1925, extensive and careful 
tests were made on unit No. 7 at the Queenston development at 
Niagara Falls. This unit has a rated capacity of 58,000 horse- 
power under a head of 294 ft, and a specific speed of 38. The 
turbine efficiency realized is believed to be as high as, or higher 
than, has been obtained in any other installation, and, what is 
more important from an operating standpoint, unusually high 
efficiency was realized over a very great range of output. The 
maximum turbine efficiency was 93.8 per cent, and the efficiency 
was greater than 90 per cent for 48 per cent of the range in capacity 
of the turbine. 

The Abitibi Canyon development is fairly comparable with the 
Queenston development and, in so far as the layout and size of 
the units are concerned, is quite similar to it. The turbines are 
rated at 66,000 hp under a head of 237 ft, and have a specific 
speed of 41.5. Tests were made on four of the units at this 
development in January, 1936, by the same method as was used 
at Queenston. The maximum turbine efficiency realized was 
93.6 per cent, nearly the same as at Queenston, and the range of 
high efficiency was also practically the same. 

Thus, over a period of eleven years no improvement is ob- 
served in the efficiency results for large Francis-type runners of 
moderate specific speed, mainly because the utimate had been so 
closely approximated at the beginning of that period. Today’s 
turbine, however, is in many respects a better machine, due to 
improvements in mechanical design and manufacturing methods. 
One illustration of this may be cited. In two installations of 
large size in which turbine gate leakage was measured, this 
amounted to less than 0.3 per cent of full gate discharge in the 
one case, and less than 0.1 per cent in the other case. Formerly, 
a turbine gate leakage of one per cent was not considered ex- 
cessive. 

Turbine practice has advanced, however, in the use of high- 
specific-speed runners, particularly in the extension of the ap- 
plication of these to higher powers and to higher heads than was 
the case ten years ago. Reference has been made from time to 
time in technical publications to the difference in European and 
American practice in the use of the high-speed runner. In 
Europe, few installations use the fixed-blade propeller-type run- 
ner, the field being practically monopolized by the Kaplan run- 
ner. In the United States, while the fixed-blade runner is used 
more frequently, there are also many Kaplan runners in service, 
some of very large size. But in Canada the field is almost en- 
tirely taken up by the fixed-blade runner. A few Kaplan run- 
ners are used, but these are of small size. 

If one is to search for the reason for this preference for the 
fixed-blade runner in Canada, in spite of its inferiority to the 
Kaplan runner in maintenance of high efficiency over a great 
range of capacity, he will find several explanations. The fixed- 
blade runner presumably is more rugged than the Kaplan runner, 
as the latter has numerous parts moving relatively to each other. 
Moreover, the fixed-blade runner usually has as high maximum 


ste 


20000 ( 
Se 
19000 
= 
pa 
- 
spre 
bee 


mm 


= 


HYDRAULICS 


efficiency as the Kaplan runner and in some instances higher. 
If, then, the lower efficiency of the fixed-blade runner at part 
loads is not a detriment, its mechanical advantages and high 
maximum efficiency may prompt its choice. As most of the in- 
stallations in Canada form parts of large systems, it is often quite 
feasible to operate individual units always at high efficiency, the 
plant load being varied, as a unit is taken from or put on the 
line, by such amounts that all units operating do so at high 
efficiency. The operation of the Chats Falls plant on the Ottawa 
River illustrates what may be done in this regard. This plant, 
operating in the Niagara System of the Hydro-Electric Power 
Commission, is equipped with fixed-blade runners rated at 
28,000 hp under a head of 53 ft at 125 rpm. A study of actual 
operating results at this plant over several periods, each one 
week in length, showed an overall plant efficiency as high as 83 
per cent. Manifestly, the turbines were operated at all times 
close to the point of maximum turbine efficiency to obtain so high 
a result as this for the whole plant. 

In other instances in which high-speed runners have been used, 
the governing condition has not been that of high efficiency, 
but rather of reliability. The single unit in the Ear Falls plant 
on the English River in Ontario supplies mining load, and has 
been called upon for continuous service since it went into opera- 
tion in December, 1929. In the intervening six years, the unit 
has been shut down only four times, for a few hours each time, 
for inspection and cleaning. 


WELDING or TURBINE RUNNERS 


Considerable progress has been made in the last ten years in 
the art of welding, in connection with the restoration of pitted 
parts of turbines. The corrosion and erosion of runner blades, 
throat rings, seal rings, and draft-tube sections have been ex- 
perienced on high-powered as well as on high-speed turbines, and 
this has, in many cases, proceeded to such an extent that replace- 
ment at considerable expense has been necessary. However, 
through careful investigation along scientific lines by experts, 
welding processes now make it possible to save affected parts and 
restore them to efficient operating condition. Thus, for low 
maintenance expenditure, costly machines can be restored, in- 
stead of being replaced, and kept in service with little outage. 

Cast steel and forged steel can be welded with little difficulty 
and, when rust-resisting materials have been applied, on turbine 
parts where pitting due to cavitation is unavoidable, surfaces 
treated in this manner stand up satisfactorily in service. 

Successful maintenance work is now carried out on cast-iron 
runners and cast-iron throat rings with a welding process which 
can easily be used while such parts are assembled with the whole 
machine. Pitted cast-iron parts are now filled with monel metal, 
where previously a cheaper grade of welding steel was used. 
Several years of experience have proved that monel metal is a 
good substitute to build up corroded parts on turbines. 

Welding practice in connection with maintenance of hydraulic 
turbines is still in a state of flux, and new processes having certain 
advantages or special fields of application are frequently being 
proposed and used. Among these might be mentioned the metal- 
spraying process and atomic-hydrogen process. Naturally, the 
product of any of these new methods, although giving promise of 
success, must be subjected to a service test before the method may 
be accepted as worthy of approval. 


GOVERNORS 


Mechanical drives for governor flyballs have been almost 
entirely superseded by electric drives. The latter, as at first 
installed, were not free from defects and disadvantages; in fact, 
various devices were proposed and used to overcome the defects 
and assure greater reliability. 
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A separate set of transformers, connected to the generator 
leads supplying power directly to the governor drive, gives direct 
connection between the unit and the governing mechanism, 
even when interruption occurs which separates the unit from 
the system. This type of drive is advantageous with high-speed 
flyballs, and finds frequent application at the present time. 

A further advance was made by the addition of slip rings on 
the pilot exciter when available, from which a power supply was 
drawn for the governor drive. This method, although possessing 
advantages over those preceding it, was affected by disturbances 
in the main electrical system which were not related to the 
speed changes in the unit which the governing system is designed 
to control. 

Apparently a power supply, quite independent of the main sys- 
tem, is desirable. The necessity for this prompted the develop- 
ment of a permanent-magnet generator, directly connected to 
the main-generator shaft, but independent of the main electrical 
system. The governor flyballs, being driven by power from this 
separate generating unit, are affected only by speed changes in 
the main-generator shaft, and tend to operate the governor 
mechanism only as the speed of the unit departs from normal. 
Satisfactory results are being experienced in an installation of 
this type, replacing the earlier pilot exciter drive at the Alexander 
development. 


GENERATORS 


The use of rolled sections, instead of castings, in the fabrication 
of the frame and rotor of hydroelectric generators has become 
virtually standard practice. Improvement in welding technique 
and the development in rolled shapes have resulted in reduced 
weights, while the umbrella type of unit has tended to reduce 
powerhouse superstructure volume. 

A tendency to reduce the size of the powerhouse superstructure 
is noted in several plants where the upstream wall is moved in 
much closer to the units than in the case of, say, the Queenston 
development. This tendency is seen in the Alexander and 
Chats Falls developments in Ontario and the Rapide Blanc and 
La Gabelle plants in Quebec. 

Beyond this,,improvements in generator designs are noted 
mainly in details and in the excitation system; improved insula- 
tion methods to prevent coil movement in slots under varying 
operating temperatures; and bracing windings more securely to 
withstand short-circuit stresses. 

The excitation system of iarge generators has undergone radical 
changes in the last ten years. The growth of interconnections 
and the generally longer transmission systems carrying large 
and important blocks of power have resulted in stability of opera- 
tion becoming an important problem. One of the first measures 
adopted to improve stability was the so-called “high-speed” 
or “rapid-response” excitation system coupled with low values 
of armature reactance. While other measures are now considered 
of greater benefit in the relief of the problem, notably the ex- 
tremely rapid clearance of faults, the generator excitation system 
quite commonly includes a pilot-exciter and high-speed voltage 
regulator. 

The tendency to increase generator voltages noted in other 
countries is not so marked in Canada, partly because only a 
relatively small number of new developments have been under- 
taken in recent years and partly because hydroelectric develop- 
ment in Canada almost invariably involves more or less long- 
distance transmission. When a step-up transformation is in- 
volved in any case, there is not the urge to increase generator 
voltages as is the case when generated-voltage distribution is 
involved. 

The grounding of generator neutrals is a live subject in present- 
day practice. In a number of cases, where distribution at genera- 


E 
4 
_ 
of 
BO a 
is 
of 
ly, 
gh- 
> 
In 
un- 
sed 
en- : 
2 
reat 
xed- 
ner, 
ther. 
num 


82 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


tor voltage is not present, generators are being operated with 
ungrounded neutrals. Damage occasioned by ground faults is 
thereby minimized, with no apparent countervailing disadvan- 
tages. Where distribution at generator voltage is present, the 
protection of the windings against lightning damage is receiving 
more attention. 


TRANSFORMERS 
The principal trends in transformer design may be traced to the 
knowledge gained in recent years, as a result of extensive research 
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provide emergency connections for single generating units as 
systems expand, and the increasing cost of switching equipment 
as vastly increased circuit-interrupting speeds are demanded by 
modern interconnections, are all factors tending to maintain 
this trend. 

Allied with this simplification of connections, however, has been 
an expansion of the automatic relay protection afforded the 
component parts of the electrical equipment. Generator-dif- 
ferential or split-phase protection, bus-differential, and trans- 
former-differential are among the types of protection applied. 

In many plants, for example, 
at Chats Falls, Beauharnois, 
and Abitibi Canyon, one or more 
generators and an associated 
transformer bank of the same 
total capacity are treated as a 


GENERATORS 


Generator breakers, if 


former bank, while the high- 
voltage breaker arrangement may 
be of the ring or 1.5-type, both 
of which are shown in Fig. 2. 
In the case of the Alexander 


development, a line diagram of 
which is shown in Fig. 3, high- 
tension oil circuit breakers are 
entirely eliminated. The trans- 
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in the field and in the laboratory in the problems of lightning 
protection, so that equipment as now designed is virtually 
lightningproof. The shielded transformer and the so-called 
“surge-proof” unit are products of this development. 

As in the case of generators, refinements in design of transfor- 
mers are being dictated by operating experience. The oil- 
insulated water-cooled unit continues to be used most frequently 
in hydroelectric installations, though the self-cooled unit supple- 
mented in some cases by air blast finds favor where temperatures 
below —40 F are likely to be experienced. The forced-oil-cool- 
ing system is practically unknown in Canadian practice. 

Single-phase units are by far the most common, though several 
installations of three-phase units have been made where eco- 
nomical physical dimensions have apparently been the only limit 
to capacity. 

Application of tap-changing devices has become almost uni- 
versal practice. In the majority of cases these devices operate 
only with the transformer deenergized, but “on-load” tap- 
changing equipment has been developed to the point where 
‘standard equipment can be offered to meet almost any problem. 


CONNECTIONS AND SWITCHING 


The present tendency in station connections and switching 
facilities is definitely toward simplification and the elimination of 
duplication, as contrasted with the earlier double-bus and other 
more complicated arrangements. 

This trend was no doubt initiated as development of more re- 
mote sites made necessary higher transmission voltages, and, con- 
sequently, more expensive switching equipment. The generally 
smaller number of generating units per plant, the lesser need to 


: | former-bank capacity is arranged 
to equal that of one transmission 

line and forms an integral part 

thereof. This capacity must, 
however, be greater than that of 
the generating units connected 
to it, as, when a transmission line 
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trips out, the station output must pass through the remaining 
lines and banks. The cost of this excess transformer capacity 
must of necessity be weighed against the saving in high-voltage 
switching equipment. 

When generator voltage switching equipment is used, the metal- 
clad type has found general favor, due to its compactness and its 
freedom from interference and outage. Such switching equip- 
ment is invariably installed within the generating station, as the 
space requirements are small, though transformers and high- 
voltage switching equipment have been usually placed outdoors. 
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Fic. 4 Asitist CANYON DEVELOPMENT, ABITIBI River, ONTARIO 
(Interior of generating station showing units Nos. 1 to 4.) 


The developments in oil circuit breakers in all voltage classes 
have been toward higher speeds of operation. These develop- 
ments originate in various means of controlling the behavior of 
the arc, and much progress has been made in breakers rated at 
60,000 volts and over. Standard equipment in these voltage 
classes is rated to clear the circuit in 8 to 10 cycles on a 60-cycle 
system, while special high-speed equipment is available operating 
in 3 to 4 cycles. 

Undoubtedly the trend away from massive oil-filled circuit 
breakers, so noticeable in European practice, is making itself 
felt in Canada. Up to the present, however, no noteworthy in- 
stallations of apparatus incorporating radically new principles 
have been made. The tendency to curtail sharply the use of high- 
voltage oil circuit breakers has, however, been largely responsible 
for a considerable improvement in the design and construction 
of no-load disconnecting and air-break switches. Such switches 
are quite frequently used to break transformer-bank exciting 
current and the charging current of up to fifty miles of 132-kv, 
25-cycle lines, applications where, previously, oil-filled switches 
would have been considered almost essential. They are also 
successfully operating outdoors in temperatures ranging as low 
as —60 F. 


Conrrot anv Avromatic Retay Prorecrion 


The recent developments in miniature-type control switching 
and switchboard apparatus have brought about a radical change 
in the size and general design of all electrical control rooms. A 
compact main control board is provided, upon which are mounted 
miniature switches and the essential operating instruments. 
Control is by means of 24- to 48-volt control circuits to sub- 
control panels located adjacent to the main apparatus. Graphic 
instruments, relays, and other equipment are mounted on these 
subpanels. 

This design reduces the space occupied by the essential 
features of the control system, thus greatly facilitating plant 
operation and reducing costs. As an example, the control room 
of the Chats Falls development, designed in 1930 to provide for 
the ultimate installation of ten units, occupies a space of 18 X 
40 ft, the main control board, including operating instruments, 


Fie. 5 Asitrst Canyon DEVELOPMENT 
(North face of powerhouse and dam. 


being only 12 ft long. By contrast the control room in the 
earlier Queenston development designed in 1920, also a ten-unit 
plant, is 70 X 74 ft, the main control boards totaling 51 ft in 
length. 

Control-room lighting has been the subject of extensive in- 
vestigation in recent years, in fact generally higher levels of il- 
lumination are found throughout the more modern plants. Air- 
conditioned and soundproofed control rooms, virtually isolated 
from the generator floor, are becoming common practice, some 
form of control pedestal usually being provided adjacent to the 
unit, an operator on the generator floor performing the simpler 
operations of starting and shutting down the unit. 

With the continued growth of transmission systems, the tend- 
ency toward higher voltage and consequently more heavily loaded 
lines, interconnections between generating plants and the 
generally higher grade of service the consumer has been educated 
to expect, the problems of load control, frequency regulation, and 
the removal of disturbances by means of automatic relays have 
become more exacting. 

Automatic frequency regulation and the corresponding auto- 
matic regulation of tie-line loading is gradually finding a place in 
Canadian practice, though more extensively applied in other 
countries. 

Extremely rapid clearance of line and station disturbances, 
while retaining proper selectivity, is the object of modern relay 
applications. It is expected that practically complete solution of 
stability problems in high-voltage long-distance 25-cycle trans- 
mission will be effected by the combination of these relays with 
the high-speed breakers previously discussed. 

Relays for this service usually operate on the impedance or 
reactance principle, the mechanical designs having been improved 
to the point where one-cycle operation has been obtained. The 
application of pilot-type relaying, where the action of the distant 
end relays may be controlled by impulses of carrier frequency 
transmitted over the power circuits, is growing to meet the needs 
of more complicated system connections. Pilot-type control 
appears to offer a satisfactory solution to such problems as 
branched or tapped lines, for which no other high-speed types 
have been found to be entirely suitable. 
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In general, the necessary potentials for the operation of these 
relay types are obtained from two-winding transformers. The 
potentiometer type of potential source, utilizing capacitance 
principles, is, however, finding increasing service in a number of 
ways, for example, in resynchronizing high-voltage lines at main 
receiving stations following an automatic trip-out. 

In summary, the electrical side of hydroelectric development is 
growing in complexity as the demand for power increases. As 
the number of generating stations operating in parallel increases, 
either normally or under stress of emergency conditions, so the 
associated transmission systems become more complicated. To 
counteract this tendency, the development itself is being designed 
to effect the maximum possible simplicity. 

Designs incorporate in general the minimum number of units 
(single-unit plants are not uncommon), the simplest electrical 
connections, with the control removed from human hands in 
so far as possible by the application of automatic devices. As 
these trends of themselves tend to promote economical develop- 
ment of available sites, it is to be expected they will continue. 


CoNcLUSION 


Interconnection of plants and their separate transmission sys- 
tems, resulting in the building up of large distribution networks 
in the more populous parts of the country, had a profound influ- 


ence upon the design and operation of hydroelectric development 
ten to twenty years ago. Some of the problems of speed regula- 
tion and of pressure regulation in long conduits were partially 
solved by this tendency, more efficient use of limited water sup- 
plies was effected, and development of certain sites made economi- 
cally advantageous. The design of plants to meet the require- 
ments of industry in remote parts of the country has brought 
about a return of many of the earlier problems of design. Many 
of the plants so built are quite isolated from all others and must 
therefore be designed for continuous and reliable service, fre- 
quently under very adverse conditions. 

Reference has been made already to one plant in northern 
Ontario, where continuous service has been given for six years 
with no opportunity for interruptions for maintenance. More- 
over, load variations were such as to make much more severe 
demands on the governing system than would be the case in 
plants giving ordinary central-station service. 

Extensions of transmission systems into many mining dis- 
tricts are taking place, the same tendency toward interconnection 
of isolated plants and systems being observed as took place in 
industrial districts some years ago. Large areas in northern 
Ontario and Quebec, which are dependent mainly on mining 
activity, are now covered by an extensive network of transmis- 
sion lines. 
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Supercharging of Internal-Combustion 
Engines With Blowers Driven by 
Exhaust-Gas Turbines 


The author discusses the operation of the Biichi exhaust- 
gas turboblowers for supercharging internal-combustion 
engines and scavenging the cylinders, and also explains 
the principles on which the blowers are designed. He 
presents indicator, temperature, and entropy diagrams 
for Diesel engines equipped with the blowers, and gives 
results of tests conducted on the blowers. A number of 
internal-combustion engines with exhaust-gas turbo- 
blowers as used in different types of service are described 
in the paper. The author also presents a number of 
curves showing the scavenging effect of the blowers, and 
the brake mean effective pressure, brake horsepower, 
and fuel consumption obtained on engines using the 
Biuchi system of turbo-charging. 


HE THEORY that supercharging blowers for internal-com- 
T eustion engines can be driven by turbines utilizing the 

exhaust gases from the internal-combustion engines them- 
selves is in itself not sufficient to give the advanced results now 
obtained with this method of supercharging. The advantages 
which at first appeared to be so obvious were not easy to realize. 
The exhaust-gas turbo-charging of internal combustion engines 
had to pass through various phases of development for many 
years before the theory could be adopted in practice and good 
results could be obtained. 

The oldest patents granted in this field date back to the 
beginning of the present century. Detailed descriptions concern- 
ing its adaptation to all kinds of internal-combustion engines were 
not available before 1909.? 


1 Consulting Engineer. Mr. Biichi was graduated from the Swiss 
Federal Institute of Technology, Zurich, Switzerland, in 1903 with an 
M.E. degree. Prior to these studies he passed a three years’ prac- 
tical training in the shops of Sulzer Brothers, Winterthur, Switzer- 
land. From 1903 to 1906 he served as designer of Diesel engines, 
gas engines, and steam engines at the S.A. des Ateliers Carel Fréres, 
Ghent, Belgium. He made a study tour in England in 1907. During 
1908 he was engaged as consultant with Honegger Company, Wetzi- 
kon, Switzerland, builders of mechanical equipment. From 1909 to 
1918 he was chief of the research department for Diesel engines in 
the Sulzer Brothers’ plant at Winterthur. He served as chief engineer 
in charge of marine Diesel engines, Howaldtswerke, Kiel, Germany, 
from 1918 to 1919 and from 1919 to 1927 as chief engineer in the 
Diesel Engine Department of Sulzer Bros., Winterthur. In 1927 he 
began the organization of the Bichi syndicate for the development 
of his supercharging system. From 1928 to 1934 he was managing 
director of the Swiss Locomotive and Machine Works, Winterthur. 
Since then he has served as head of the Biichi Syndicate, Winterthur. 

?“ber Verbrennungskraftmaschinen,” by A. J. Biichi, Zeitschrift 
fiir das gesamte Turbinenwesen, vol. 6, 1909, pp. 313, 329, and 347. 

Contributed by the Oil and Gas Powe: Division and presented at 
the Annual Meeting of Tom American Socrery or MECHANICAL 
= held in New York, N. Y., November 30 to December 4, 

6. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


By ALFRED J. BUCHI,1 WINTERTHUR, SWITZERLAND 


The first tests with exhaust-gas turbines in combination with 
internal-combustion engines were made in 1911 in the Sulzer 
Works at Winterthur, Switzerland. The experimental plant 
worked according to the proposals then made by the author. 
It is worth noting that during these tests supercharging was 
effected with low pressures and also with pressures up to about 
30 lb per sq in. Combustion pressures exceeded 1400 lb per sq 
in. with over 200 lb per sq in. brake mep.* 

Influenced by steam-turbine practice, an endeavor was made 
at these tests to keep the exhaust-gas pressure ahead of the tur- 
bine as constant as possible. Piping from the internal-combustion 
engine to turbine was designed with a comparatively great 
volume, i.e., as a receiver. When discussing the latest develop- 
ments of exhaust-gas turbo-charging, we shall see that its suc- 
cess must be ascribed to a great extent to the abandonment of 
this constant-pressure theory. 

When earlier results are compared with the results obtained 
today, it can be seen that the exhaust temperatures were then 
much higher for a given load on the internal-combustion engine 
and therefore the exhaust valves had to be cooled. At that 
time it was known that fuel consumption could be improved 
with exhaust turbodrive, in spite of decreased expansion in the 
combustion cylinder owing to the exhaust back pressure, since 
mechanical losses due to friction remain practically constant for 
cylinders of given dimensions even though mean effective pres- 
sures are greatly increased. 

In Fig. 1 are given indicator, temperature, and entropy dia- 
grams of the 1911 experimental plant for supercharging pressures 
of 0, 7.1, 14.2, 21.3, and 28.4 Ib per sq in. Line d-e of the weak- 
spring diagram in Fig. 2 shows that the exhaust pressure was 
practically constant during escape into the turbine. 

With the exhaust-gas turbine which was used, no difficulties 
arose in running, and the increased mean effective pressure was 
taken by the running gear of the engine quite easily without any 
excessive wear. In order to obtain still further improvements in 
the results, it was found necessary to introduce the greatest 
possible weight of charging air into the engine cylinder, in order, 
for a given swept volume, to obtain a high specific output with 
low gas temperatures, little transmission of heat, and also high 
mechanical efficiency. 

The present Biichi supercharging system takes full considera- 
tion of these requirements. In this system the cylinder is not 
only charged with precompressed air, but is also scavenged with 
a great quantity of cool combustion air in spite of placing the 
exhaust-gas turbine after the internal-combustion engine and 
the consequent back pressure in the exhaust. 

It was not so easy to find a suitable working process. Because 
of the rather low efficiencies of the exhaust-gas turbine and the 
centrifugal blower driven by it for a certain supercharging pres- 
sure, approximately the same exhaust-gas pressure as the blower 
pressure is necessary to drive the turbine with the given tempera- 
tures of the exhaust gases. Consequently, a pronounced pressure 

3“‘Supercharging in Internal-Combustion Engines,” by A. J. 
Bichi, The Engineer, vol. 140, August 14, 1925, p. 171. 
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difference between charging air and exhaust gases, which is re- 
quired for an effective scavenging of the working cylinders, is 
not available. To overcome this pressure condition, the Biichi 
system makes use of a device which controls to any desired de- 
gree the pressure drop required between the supercharging 
pressure and the exhaust-gas pressure ahead of the turbine. This 
is effected by means of strong pressure fluctuations artificially 
caused in the piping between engine and exhaust-gas turbine.‘ 
These fluctuations are created between engine and turbine by 
choosing suitable cross sections for the exhaust-gas turbine and the 
volume and cross section of the exhaust piping. Their occurrence 
at the correct moment and their correct repetition in each working 
cycle are insured by suitable adjustment of the exhaust valve 
gear of the engine. Care must also be taken that these forced 
oscillations are always similar and occur at the proper moment 
for any given engine load, regardless of different speeds of rota- 
tion; also that they are not distorted or even possibly stopped 
by other effects, such as oscillations in the exhaust pipes. This 
can be prevented by using proper control gear for the exhaust 
valves and by choosing suitable dimensions for the exhaust 
pipes leading to the turbine. 

If the working cylinders have to be scavenged, the inlet and 
outlet means must be open simultaneously during the scavenging 
period. Also, the scavenging process must not under any con- 
sideration be disturbed by the exhaust occurring from another 
cylinder. If there is disturbance, the gases from the exhausting 

S. Patent No. 1,895,538. 


5“*Pressure Fluctuations in Exhaust Piping,’’ by E. H. Abt, The 
Motorship, London, vol. 12, June, 1931, p. 102. 
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cylinder will find their way through the open exhaust valves 
into the cylinder that has to be scavenged. This trouble occurs 
when all cylinders of an engine exhaust into the same exhaust 
manifold. It is eliminated in the Biichi. system by leading the 
exhaust gases from the engine to one or more turbines through 
several exhaust pipes, or through exhaust pipes fitted with suitable 
partitions. In the Bichisystem, pipes are arranged so that the ex- 
haust process in one cylinder cannot interfere with the scavenging 
process in another cylinder. The separation of the exhaust pipes 
is carried down to the admission nozzles at the turbine, so that 
it is also impossible for the gases to flow back through the turbine. 

The number of cylinders exhausting into one pipe, the time in 
each cylinder when exhaust begins and stops, and also when ad- 
mission begins, must be chosen in such a way that no mutually 
harmful effects may occur. This adjustment must be chosen in 
various ways to suit the circumstances and in accordance with 
the number of cylinders. 
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of the exhaust and inlet valves, in terms of crank-angle degrees, 


is indicated at the bottom of Fig. 3. The period between the 


initial opening of the inlet valve and the closing of the exhaust 
valve is designated as the scavenging period. Referring to the 
pressure variations shown in Fig. 3, it will be seen that at all 
loads a pronounced depression of the exhaust-gas pressure occurs 
before the turbine and continues during the whole scavenging 
period; this is shown by the shaded areas between the approxi- 
mately constant charging air-pressure curves and the extremely 
variable exhaust-pressure curves. With 79.5 lb per sq in. brake 
mep, the exhaust pressure falls to about atmospheric. With 
higher méan effective pressures it is almost as low, but the 
pressure peaks of the exhaust pressure and the charging-air 
pressure are in these cases much higher; this is caused by the 
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increase in the quantity of exhaust gas and in its temperature 
with increasing loads. 

The pressure oscillations of the other three cylinders of the 
same six-cylinder engine, which exhausted into a separate exhaust 
pipe to the turbine, are to be considered as displaced by 120 
deg; this is indicated by dotted lines in the middle diagram of 
Fig..3. It can be seen clearly that it would be impossible to 
scavenge the working cylinders if the exhaust pipes were not 
separated. Fig. 3 also shows the effectiveness of the method of 
scavenging discussed here. 

How the quantity of scavenging air adjusts itself to the load on 
the engine can be seen from Fig. 4. Curve a corresponds to an 
engine in which the load was altered at constant speed, that is, 
astationary-type engine. Curve b on the other hand corresponds 
to a marine engine, in which the load was decreased by reduc- 
ing the speed in accordance with the propeller law. Curve a 
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In Fig. 3 are given the pressure oscillations for various loads 
in one of the two exhaust pipes of a six-cylinder Diesel engine 
with exhaust turbo-charging. These were taken by electric 
indicators and oscillographs. The ignition interval within a group 
of cylinders amounted to a crank angle of 240 deg. The opening 


OGP-59-2 


was obtained from an SLM Diesel engine with eight cylinders, 
developing 1000 bhp at 273 rpm with continuous supercharging, 
while curve 6 is from an eight-cylinder Harland & Wolff (Kin- 
caid) marine Diesel engine developing continuously 4500 bhp 
with supercharging. The speed of the latter engine is 112 rpm. 
The speeds of the corresponding blowers are also plotted in 
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Fig. 4 as curves ¢ and d, respectively. 
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Fig.4 ScaveENGING PERCENTAGES AND SPEEDS oF ExHavust-DRIVEN 
TURBOBLOWERS ON Four-CycLe STATIONARY AND MARINE DIESEL 
ENGINES 
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In Fig. 5 the conditions of pressure, volume, and temperature 
of the working process with the Biichi exhaust turbo-charging 
are shown by an entropy diagram. The values plotted were 
obtained from tests on a Franco Tosi six-cylinder Diesel engine 
with exhaust turbo-charging. The compression is shown as 
AB, while BCD represents the combustion, and DF represents 


| T | | | 
1 2 30 40 $0 60 70 90 
Period | A | 
A | / | \ 
= = = 40 
C1 YD 3000 400, 
2500 
146 0 Ib/sqin 1200 | 
2000 
jes Ihe 123 «175 Ib /squn 
S00 
h 
hat 
ad- 
ally 
2 


88 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


the expansion in the working cylinder. At F the exhaust valves 
open, and the exhaust gases flow to the turbine, at the same time 
expanding as indicated by FG. The cooling of the exhaust gases 
on their way from the cylinders to the exhaust turbine, and 
particularly their cooling by means of scavenging air passing 
through the cylinders is shown as GH. Before the exhaust valve 
begins to open, according to the point F, the gases have a tem- 
perature of 967 C abs, or 694 C (1282 F). Due to the pressure 
drop ahead of the turbine, corresponding to FG, the temperature 
falls to 532 C (989 F). With 27.4 per cent excess scavenging air, 
the exhaust gases from the condition at G to their condition at H 
are cooled to 435 C (815 F). The cooling resulting from scaveng- 
ing is therefore 97 C (174 F), including a loss of heat of approxi- 
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mately 5C (9 F). During the expansion of the gas in the turbine, 
the temperature drops from H to J, or to 407 C (765 F). There- 
fore, this latter drop amounts to only 28 C (50 F). 

The diagram A, B,, Ci, Di, E, F, shown in dashed lines, is a 
theoretical diagram drawn from calculated values having 17.7 
per cent heat loss during combustion and expansion, and 4 per 
cent loss at the beginning of the exhaust; the actual diagram is 
shown as the solid line A, B, C, D, E, F. Transferring the points 
of the diagram to pressure-volume coordinates gives the indicator 
diagram shown in Fig. 5 above the entropy diagram. From this 
the corresponding indicated pressure can be determined. The 
mechanical efficiency of the engine in question was measured and 
found to be 86 per cent. The effective output and the fuel con- 
sumption can be calculated from the indicator diagram. Based 
on the indicator diagram in Fig. 5, the effective output of a six- 
cylinder engine, of 450 mm (17.7 in.) bore and 700 mm (27.55 
in.) stroke, is found to be 1060 bhp* at 187 rpm, with 109 Ib 
per sq in. brake mep. The fuel consumption is found to be 160 
grams, or 0.353 lb per bhp-hr. 

In the entropy diagrams, HJ represents the expansion in the 
exhaust-gas turbine. Its effective output must be equal to the 
power required for driving the air charging blower. The symbols 
used in the calculations are: 


G, = weight of air delivered for charging and scavenging 
R = gas constant for air 

T, = absolute temperature for the air at blower inlet 

?~i: = absolute initial pressure of the air delivered 

?P2 = absolute final pressure of the air delivered 


® In all references to horsepower, metric horsepower is intended. 


"K = isothermal efficiency of the charging and scavenging 
air compressor 

Lyx) = effective work done in compressing the charging and 
scavenging air, or 


1 

Lux) = XG XR X log, @ 
P2 

G: = weight of exhaust gases passing through the turbine 


Cy = specific heat of the exhaust gases at constant pressure 

A = mechanical heat equivalent 

t,’ = absolute temperature of exhaust gases ahead of the 
turbine 

ty’ = absolute temperature of exhaust gases after adiabatic 
expansion in the turbine 

G, = G, + quantity of fuel introduced = kG, 

nr = adiabatic efficiency of the exhaust-gas turbine 

Lyur) = effective output of the exhaust-gas turbine, or 


c 
Lyr) = or X X 4 — th’) = Lyx) 


Therefore, the effective temperature drop required in the 
exhaust-gas turbine is 


1 RT, 
—t' = log, — 
knxnr X 428 (2 


From the foregoing, the action of the supercharging system 
can be clearly seen. The entire working process takes place at 
all load factors because the charging air is compressed and on 
account of the inner cooling of the engine through scavenging air 
with a low specific volume. In this way, with the same excess 
air as in ordinary internal-combustion engines without super- 
charging and scavenging, the indicated pressure becomes much 
greater. Therefore, for a given output, a smaller cylinder volume 
is satisfactory. This again results in lower thermal and frictional 
losses. Increasing the output of the engine per unit of volume 
therefore implies less thermal losses through cooling and a con- 
siderable improvement in the mechanical efficiency, and conse- 
quently an improvement in starting conditions. The manifold 
effects of the scavenging air are of the utmost importance. 
These effects are: 

1 Freeing the compression space from traces of the hot ex- 
haust gases, in contrast to ordinary internal-combustion engines 
without supercharging. Cooling the cylinder walls and the valves 
lowers the initial temperature of the working process and thereby 
increases considerably the weight of combustion air enclosed in 
the cylinder. 

2 Not only the swept space, but also the compression space, 
is filled with fresh air suitable for combustion. This makes 
itself apparent in service in perfect combustion and a great 
capacity for taking overload. 

3 The quantity of heat passing away through the cooling 
water is less, since a part of the heat given up to the cylinder 
walls is absorbed direct by the cold scavenging air. However, 
this heat is not lost, but usefully employed in the turbine. This 
also explains the high thermal efficiency. 

4 Mixing the exhaust gases with the cool scavenging air 
allows the exhaust-gas turbine to run under favorable condi- 
tions; complicated cooling devices for the turbine wheels are 
rendered unnecessary. Consequently, the loss of heat caused by 
such cooling is absolutely eliminated. 

Fig. 6 illustrates the effect of the scavenging. It shows the 
temperature and pressure course during the exhaust and scaveng- 
ing period measured in the exhaust manifold ahead of the turbine 
of a Diesel engine. Curve A represents the exhaust pressure at 
the turbine entrance and curve B represents the exhaust pressure 
just past the exhaust valve. This latter pressure is lower on 


v 
a 
a 
Ww 


Diggs B ¢ 
670°C 
512°C 
: 
a 
0.05. 
t 
a 
pe 
This 
atl/, 
| 


account of the high velocity and kinetic energy of the gases. 
Curve C represents the temperature changes. The very pro- 
nounced drop of the temperature during the scavenging period 
can clearly be recognized. 

A number of internal-combustion engines for different types of 
service using exhaust-gas turbo-charging are described in the 
remaining part of the paper, and the results obtained with them 
are mentioned. 


STATIONARY AND MARINE DiesEL ENGINES 


Fig. 7 shows results obtained in a stationary Diesel-engine 
plant equipped with two, six-cylinder, MAN, four-cycle engines 
with exhaust-gas turbo-charging. The exhaust turboblowers 
are arranged in a compartment next to the engine room, at such 
a height that the two exhaust pipes from the engines run hori- 
zontally to the exhaust-gas turbines. The plant works with a 
waste-heat recuperator which is fitted after the turbine. In the 
most favorable case, the fuel consumption is less than 0.36 lb 
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per bhp-hr. In spite of the high suction temperature of the air 
at which the plant is operated (up to 102 F) the exhaust-gas 
temperatures measured after the valves remain somewhat under 
800 F at 120 lb per sq in. brake mep. 

In Fig. 8 the results obtained with an SLM Winterthur Diesel 
engine are plotted. At full load the fuel consumption is 0.36 
lb per bhp-hr and the fuel-consumption curve is extremely flat, 
as with all Diesel engines with exhaust-gas turbo-charging. 
This means that the consumption at low load is also very small; 
at '/, load it is from 20 to 25 per cent less than that of an ordinary 
Diesel engine with the same load factor. The excess scavenging 
air is also plotted in Fig. 8; at full load it increases to over 30 
per cent. 
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An SLM-Winterthur engine with exhaust turbo-charging is 
shown in Fig. 9. This engine has three cylinders and develops 
450 bhp. In this engine, which is installed in the laboratory of 
the Federal Technical University in Zurich the turbine is 
mounted in a vertical position directly on top of the engine. 

An arrangement of the exhaust-gas turboblower mounted 
on the forward end of a Humboldt-Deutz eight-cylinder Diesel 
engine is shown in Fig. 10. The exhaust gases pass downward 
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from the turbine through a vertical pipe. Below the turbine 
and immediately to the right of it, may be seen the flexible 
expansion joints which have been inserted in order to prevent 
the turbine from being damaged by the expansion of the exhaust 
pipes. 

In general it can be said that the reduction in the dimensions 
and weights of the engines which is obtained as a result of the 
increase in output through exhaust-gas turbo-charging, is of 
course reflected in price of the engines, and in stationary installa- 
tions it has also the following advantages: For example, the 
engine building becomes smaller and the foundations can be of 
lighter construction. As a result of the reduced cooling required, 
less cooling water has to be provided, thus leading to further 
savings, especially when water is scarce, and in cases where it is 
necessary to erect cooling towers. The reduced fuel consumption 
also plays an important part, especially when the engine is work- 
ing with variable loads. In four-cycle engines it is also possible 
to adopt a rational method of utilizing waste heat in the exhaust 
gases. 

The MS Reina del Pacifico of the Pacific Steamship Company 
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in service between England and the West Coast of South America 
via the Panama Canal, is propelled by four, 12-cylinder, Harland 
& Wolff, single-acting four-stroke trunk-piston engines with 
exhaust-gas turbo-charging. The trunk-piston design gives an 
engine very low in height, so that many continuous decks could 
be arranged far down in the ship. Two cranks in each of the 
12-cylinder engines are set the same, and their firing order is 
also the same. Consequently, in order to avoid trouble in the 
cylinders during the scavenging period (to which reference has 
already been made) there are only two exhaust pipes provided 
for each engine. The exhaust-gas turbines are arranged in an 


extension of the engine room. After leaving the turbines, the 
exhaust gases can be led to waste-heat recuperators. Note- 
worthy in this plant is also the comparatively small size of the 
auxiliary Diesel-engine plant, a great contrast to Diesel installa- 
tions with electrically driven charging or scavenging air blowers. 
As is well known, such installations require large Diesel engines 
for generating electric energy. With exhaust-gas turbo-charging, 
the generation of electric energy for the charging air blowers is 
not required, since the blowers are driven by the exhaust gases 
from the Diesel engine, without any outside assistance. 

Besides for the merchant service, Diesel engines with exhaust 
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turbo-charging are particularly interesting for naval vessels. 
Here, as is well known, small dimensions, low weights and low 
fuel consumption are of decisive importance, especially at low 
loads for cruising. On the other hand, the high capacity for over- 
load of the supercharged engines is of great interest for running at 
full speed. 

In ships with Diesel-electric drive, engines with exhaust-gas 
turbo-charging have already been installed in several cases. 
One such case is the light cruiser IImarinen of the Finnish Navy. 
Four, high-speed, Krupp Diesel engines, each of 1200 bhp, are 
installed in this vessel. Because of the high speed of these en- 
gines and their being fitted with exhaust-gas turboblowers, 
it was possible to keep the weight of the machinery compara- 
tively low and to have the engine room small; greater weight 
could consequently be allowed for the armored plating and the 
armament. 

Each of ten, high-speed, custom-house boats for Mexico were, 
for reasons of space and weight saving, equipped with two 1350 
bhp MAN Diesel engines with exhaust-gas turboblowers. 

With regard to the use of exhaust-gas turbo-charging in ships, 
it may in general be stated that the reduced dimensions and 
weight of the machinery offer still more pronounced advantages 
than in stationary plants. The carrying capacity of a vessel is 
increased, or a vessel may be built of smaller dimensions for the 
same carrying capacity. The lower fuel consumption increases 
the radius of action, and marine engines, particularly in the 
merchant service, have often to run for lengthy periods; a cor- 
respondingly greater quantity of cargo can be carried. Because 
of the smaller dimensions of the cylinders and bearings, the 
lubricating-oil consumption is also reduced. Engines with smaller 
cylinder dimensions also require smaller, and consequently 
cheaper spare parts. 

Experience with the many installations now in service has 
shown, that the reliability of the exhaust-gas turboblowers is 
excellent. 


Traction ENGINES 


A 1400 bhp Diesel locomotive of the German State Railways 
is equipped with an eight-cylinder MAN Diesel engine with 
exhaust-gas turbo-charging. The exhaust-gas turbine and 
blower are fitted at the flywheel end of the engine, which is lo- 
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cated approximately in the middle of the locomotive. No 
silencer is provided, the exhaust being made direct to atmosphere. 
The overall length of the locomotive is 47 ft, and the service 
weight is 75 tons. Its speed is over 60 mph. 

Fig. 11 shows a truck of a rail car used on the German State 
Railways, with a Maybach 12-cylinder V Diesel engine with 
exhaust-gas turbo-charging. The supercharger is arranged 
vertically in the middle between the two rows of cylinders. 
In these engines, of which the German State Railways have a 
large number in service, a weight of 9 lb per bhp was obtained 
through the use of exhaust-gas turbo-charging. The engines run 
at 1500 rpm and can be loaded up to 700 bhp. 

Figs. 12, 13, and 14 show the results obtained with a six- 
cylinder engine of 130 mm (5.12 in.) bore and 170 mm (6.7 in.) 
stroke operating at a maximum speed 1500 rpm. At 1500 rpm, 
about the limit of invisible exhaust, 135 lb per sq in. brake mep 
was reached. As shown in Fig. 14, remarkably low fuel con- 
sumption was obtained at speeds varying from 1000 to 1500 
rpm. 

It can be said that the adoption of exhaust-gas turbo-charging 
is of pronounced advantage for locomotives and rail cars. An 
important part is played not only by the reductions made in 
dimensions, weight, and fuel consumption, but also by the pos- 
sibility of the adoption of supercharging to get an engine of the 
required output mounted in such a traction unit. 

In traction service, the size of the water and oil-cooling de- 
vices is also of importance, first, because of their weight and 
the space requirements, and second, because of the power re- 
quired for driving their fans. In this connection the Diesel en- 
gine with exhaust-gas turbo-charging proves to be the most 
advantageous, since in the most unfavorable case it requires 
coolers and fans about 30 per cent smaller for the same output. 

As a result of the small losses through friction in the smaller 
pistons and bearings, as previously mentioned, the torque re- 
quired for starting such an engine against no load is also less. 
Consequently, starting devices of smaller capacity can be used for 
starting. 

Another important point is the fact that, because of the less 
heat led away, up to 50 per cent more output can be developed 
with engines without piston cooling. This is of particular sig- 
nificance in engines for traction, but it often plays an important 
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part in marine and stationary engines. As is well known, piston- 
cooling devices always give rise to difficulties sooner or later, 
so that their elimination is of much importance and is, in fact, 
stipulated in many cases. 

Engines with precombustion-chamber fuel injection have 
been equipped in several instances with exhaust-gas turbo-charg- 
ing. For example, a Daimler-Benz, six-cylinder engine which 
develops 180 bhp at 1500 rpm has been so equipped. 


AIRPLANE ENGINES 


The use of exhaust-gas turboblowers with airplane engines 
has already been made in various cases, first of all with gasoline 
engines. But in engines working with carburetors, no scaveng- 
ing of the working cylinders is possible; the increased output at- 
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tained is therefore small, and the temperatures before the turbine 
become so high as to cause many difficulties. The Biichi exhaust- 
gas turbo-charging in combination with mechanical gasoline 
injection, whether into the suction manifold of the engine, or 
into the working cylinders themselves, allows these engines to 
be scavenged efficiently. It is merely necessary to take care 
that the gasoline injection begins after the scavenging, with 
precompressed fresh air, has been completed. If this is the case, 
the Biichi system of exhaust-gas turbo-charging can be adapted 
to gasoline-driven airplane engines and will give the same ad- 
vantages as in Diesel engines. It can of course be used with 
Diesel airplane engines without any special considerations. 
For obvious reasons, it is not possible at present to give any 
particulars concerning the adoption of the Biichi system of ex- 
haust-gas turbo-charging to airplane engines. It is, however, 
a most effective means of compensating, up to the greatest alti- 
tudes, for the loss of output caused by the rarefied air. It can 
also be used to increase the output near the ground level con- 
siderably, so that the climbing speed of the airplane becomes 


greater. The reduced fuel consumption obtained by adopting 
this system is also of great importance when flying long distances. 
Two-Cycie INTERNAL-CoMBUSTION ENGINES 


The Biichi exhaust turbo-charging can be used also with two- 
cycle Diesel engines. Tests in connection with this type of 
engine have already been made and will be continued. Because 
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of the lower temperatures of the exhaust gases, the results ob- 
tained by adopting this system depend greatly on the size and 
design of the engine in question. However, by adopting special 
methods of carrying out the charging and scavenging processes, 
an appreciable increase in output can be obtained. 


Gas ENGINES 
In addition to the engines previously described which work 
with liquid fuel, gas engines may also be supercharged by blowers 
driven by the exhaust gases and some installations have already 
been made. In order that the cylinder may be scavenged, it is 
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necessary (just as with engines working with gasoline), that the 
fuel, i.e., the gas, should be admitted only after the scavenging 
period has terminated. 


Atm BLowers Driven By Exuaust-Gas TURBINES 


A section through a vertical blower built by Brown, Boveri & 
Company, is shown in Fig. 15. This is a single-stage blower, 
driven by a single-stage turbine, and is the type usually adopted 
today. Two-stage blowers are used for higher supercharging, 
especially to compensate for higher altitudes. The runner is 


Fic. 15 Secrion THrovucH Brown, Boveri VERTICAL ExHAuUsT- 
Gas TuRBOBLOWER 
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runner, with the turbine wheel to the left and the blower im- 
peller to the right. Below, to the left can be seen the admission 
nozzle ring for the turbine, and to the right the diffuser for the 
blower. 

These blower sets are small in comparison with the internal- 


Fie. 16 Tursine Enp or a Horizontat Brown, Boveri! ExHaust- 
Gas TuRBOBLOWER WitTH WatTER-CooLED TURBINE CASING 


Fig. 17 Runner, RinG, anD BLower Dirruser oF A Brown, Bovert Exnaust-Gas TURBOBLOWER 


carried outside in ball bearings. The exhaust gases enter at A 
and pass through the nozzle ring B to the turbine blading of the 
tunner C. At D the exhaust gases leave the turbine. The 
charging air enters at E and leaves at F. 

A view of a horizontal blower, seen from the turbine end, is 
given in Fig. 16. It can be seen that the turbine has two separate 
inlets for the exhaust gases. The sealing air is led through a 
Pipe from the delivery branch of the blower to the stuffing box 
of the exhaust-gas turbine. An air filter is fitted at the inlet end 
of the blower. In Fig. 17 the three most important parts of 
such a set can be seen in detail. Above, in the center, is the 


combustion engines and they can, as already mentioned, be very 
conveniently mounted, since they generally require no particular 
room, but can be located in any available free space. Their weight 
is also low, particularly in the type used for high-speed engines 
for airplane and traction purposes. For a 500- to 1000-hp air- 
plane engine it is possible to build an exhaust-gas turboblower 
weighing approximately 100 to 150 lb. Naturally, light metals 
must be extensively employed. 

Many exhaust-gas turboblowers have been built for engines 
developing up to 6000 bhp. Such a blower is shown in Fig. 18. 
This was built by Harland & Wolff, Belfast, and has four separate 
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Fie. 18 Exsavust-Gas TurBosLowEr For 6000-Bur Diese, ENGINES 


gas inlets to the turbine, since it works in connection with a ten- 
cylinder Diesel engine. On the other hand, however, exhaust-gas 
turbo-charging has also been adopted for very small engines; 
it will be interesting to note that Brown, Boveri & Company 
have already built blowers for 80-hp engines giving them a super- 
charged continuous output of 120 bhp. 


Some ParTICULAR FEATURES OF THE Biicnt Exnaust TuRBo- 
CuHarGiInG System 


Behavior When Starting and When Suddenly Loading the 
Engine. In Fig. 19, the speed of the engine and blower, and 
also the output of the engine, are plotted as functions of the 
starting time. The results were obtained with a 1000-bhp 
Diesel engine, started in the cold state at no load and run 
idle up to normal speed. A 12-sec period was required for this 
starting. The engine was then put on load at once by suddenly 
cutting in the generator which it was driving. It can be seen 
that the normal output of 1000 bhp was reached in 13 sec from 
idling. When starting, the speed of the charging blower was 
brought up to 4800 rpm at no load. The time required to at- 
tain its normal speed of 10,200 rpm at full output of the engine 
was somewhat more than 13 sec. Nevertheless, it can be seen 
from Fig. 19 that the charging blower is accelerated very quickly 
—in fact, almost instantaneously—when load is thrown on the 
engine. The reason for this is that the rotors of the turbine and 
blower are extremely light and frictional resistance is very low, 
due to their being carried in two roller bearings. 

Heat Balance. A heat balance is given in Table 1. The figures 


Fie. 19 ENGInge AND TURBINE SPEED, AND ENGIne 
Wuen Starting a 1000-Bap Turso-CHarGcep 


are obtained from a high-speed Diesel engine of about 1000 
bhp output, such as is adopted for locomotives and large rail 
cars. It is seen at once that the quantity of heat carried away 


TABLE 1 HEAT BALANCE OF A DIESEL BNGIEA DEVELOPING 1000 BHP AT 700 RPM WITH BUCHI TURBO-CHARGING. LOA 
VARYING WITH CONSTANT SPEED 


Brake mean effective pressure, lb sq in 
Heat Balan 


Heat losses: 

Cooling water for engine...... 

Cooling water for oil-cooler............ aS 

Cooling water for turbine. . 

Heat in after turbine... 

Other heat | 


105 


81 53 
Per Btu = Per Btu 
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cooler of the engine, only 2.3 to 4.1 per cent is carried away, 
depending on the load. This quantity of heat is a direct measure 
of the work done in overcoming friction in the supercharged 
engine, which friction is again responsible for wear in the engine. 
About 36.6 to 34.1 per cent of the heat passes away in the exhaust 
from the turbine. 

The figures given allow conclusions to be drawn regarding the 
dimensions required for the coolers for cooling water and lubri- 
cating oil And regarding possible further utilization of the heat 
in the exhaust gases. 


T 
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Fic. 20 Test Resutts WHEN RUNNING A TuRBO-CHARGED DIESEL 
Encing Unver Constant TorQuUE BUT AT DIFFERENT SPEEDS 


Benavion WITH VARIABLE SPEED AND CONSTANT TORQUE 
OF THE ENGINE 


Fig. 20 shows the conditions when the engine was working con- 
stantly with a mean effective pressure of 132 lb per sq in. with the 
speed varying from 750 to 350 rpm. Fig. 20 shows that, as the 
speed decreases, the fuel consumption per brake horsepower- 
hour and the temperatures after the exhaust valves and ahead 
of the turbine fall to a certain minimum. This minimum for the 
fuel consumption is 0.342 lb per bhp-hr, while the temperatures 
reach their minimum at 420 rpm. The speed of the turbine falls 
linearly as also does the charging pressure after the blower. 
The pressure has a tendency to fall less at speeds under 400 
tpm (which are very low for the engine), since the temperature of 
the exhaust gases then increases as a result of increased fuel 
consumption. 


OIL AND GAS POWER 


in the cooling water per brake horsepower-hour is much less 
than in an ordinary Diesel engine working without supercharg- 
ing. With this engine it is assumed that a water-cooled exhaust- 
gas turbine is used. Water cooling is recommended for large 
exhaust-gas turbines, i.e., when they are not limited in weight 
as those used for small high-speed engines and airplane engines. 
The heat loss for cooling the turbine is very small; little more than 
2 per cent of the heat introduced into the engine. Also in the oil 
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We see, therefore, that a supercharged engine can maintain 
the normal torque down to a greatly reduced speed, without the 
temperatures and fuel consumption attaining excessive values. 
This fact depends on the time area for the passage of scavenging 
air. In spite of the falling charging pressure it is possible to 
maintain the same temperature conditions down to about 40 to 
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Temperature before turbine = constant 


Fie. 21 Tsst Resutts WHEN RUNNING A TuRBO-CHARGED DigsEL 
Enetnge Constant AND INncrEasING EXHAUST 
TEMPERATURES AT DIFFERENT SPEEDS 


45 per cent of maximum speed. As tests have shown, the same 
holds also for comparatively slow-running stationary and marine 
engines. 


Torque OBTAINABLE WiTH CoNnsTANT ExHaust TEMPERATURES 
AND VARIABLE SPEED 


Fig. 21 shows that when reducing from maximum speed to 
under 70 per cent and maintaining the same exhaust-gas tempera- 
tures, the torque can be increased by about 18 per cent. It is 
evident that exhaust-gas turbo-charging provides very favorable 
conditions. These conditions are particularly important for 
traction engines, where the speed of the engine falls when taking 
a gradient or when accelerating. If the torque of the engine can 
be increased as shown, the acceleration of the vehicle and the 
taking of gradients will be facilitated. 

Conditions are also illustrated in Fig. 21 for a certain rise of 
exhaust temperatures with decreasing speed of the engine. 
As can be seen, the torque can be increased by about 23 per cent 
when reducing from 700 to 400 rpm. 


INFLUENCES OF THE AUTOMATIC CHANGE IN THE CHARGING-AIR 
PRESSURE 


Exhaust-gas turbo-charging provides an advantage in that 
the charging compressor is not coupled to the internal-combustion 
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engine, also, that it adjusts itself independently of the engine. 
It runs at different speeds, depending on the load of engine. 
When starting, and when speed or load of engine is low, prac- 
tically no charging pressure is produced. Consequently, no 
adverse influence will be exerted, as for example in the case of 
charging blowers mechanically coupled to the engine. When 
starting, and at low loads, the latter require the same power 
to drive them as at high loads. Mechanically driven blowers 
therefore cause a very high fuel consumption at low loads. If 
the blower is taken out of service, complicated clutch couplings 
must be provided. On the other hand, with exhaust-gas turbo- 
charging, the charging pressure varies and increases when the 
load or the speed of the engine increases. This is of special impor- 
tance for overload conditions. If such an engine is overloaded, 
for example by 20 per cent, the quantity of air introduced into 
the engine will also be increased by at least 10 per cent because 
the charging pressure is automatically increased. The increase 


in load on the engine is in reality only 10 per cent, in respect 
to the weight of air available. This is also the reason why 
the fuel consumption and the exhaust-gas temperatures do not 
rise so quickly in the overload period as in ordinary engines 
without exhaust-gas turbo-charging or with mechanically driven 
blowers. It must be remembered that, as shown in Fig. 3, the 
quantity of scavenging air is also increased. 

Other points in connection with exhaust turbo-charging could 
be mentioned. It ought, however, still to be noted, that because 
of the much smaller moving masses in a supercharged engine, 
the inertia effect of the masses is much reduced. A further 
important point, particularly for high-speed and multicylinder 
engines, is that the broadening of the indicator diagrams of the 
working cylinders (which is equivalent to less pronounced changes 
in pressure) means less pronounced torsional oscillations in the 
crankshaft, the amplitudes being reduced to one half or less of 
those in ordinary Diesel engines with acute indicator diagrams. 
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The author discusses the effects of Diesel-engine design 
and operating conditions on the performance of lubricants 
used in these engines. He presents charts which can 
be used to select the proper lubricant for definite operat- 
ing conditions of Diesel engines, and gives an example 
showing how to use one of the charts. 
I injection Diesel engines, there are certain definite designs 
and operating conditions imposed on the lubricant which 
have to be considered. It is necessary, therefore, to take current 
design requirements and study the service effects on the lubricat- 
ing oil. The lubricating system of today is of the dry sump type, 
one pump circulating oil to the bearings and cylinders and another 
suction pump returning the oil to the supply tank. The same 
oil, therefore, lubricates the bearings and the power cylinders. 
First consider how the viscosities of lubricating oils are being 


classified by various Diesel-engine manufacturers. In the 
majority of designs, the viscosity re- 


N JUDGING the performance of lubricants used in solid- 


treated, to Pennsylvania, while area B 

is comprised of selected Mid-Continent, Mid-Continent solvent- 
treated, Pennsylvania, and Pennsylvania solvent-treated oils. 
Winton leans toward the use of Pennsylvania oil of 85 to 95 
sec viscosity at 210 F, with the 1000 sec viscosity at 100 F 
maximum maintained. 

Fig. 2 shows the most modern design of the Hooven, Owens, 
Rentschler double-acting, four-stroke-cycle Diesel engine, for 
which is specified oils having a viscosity of 450 to 550 sec at 100 
F. This Diesel engine was tested and accepted using a Gulf 
Coast oil of 500 sec Saybolt Universal viscosity at 100 F, which 
oil falls in zone 7 of Fig. 1. 


1 Supervising Engineer, Sinclair Refining Company, New York, 
N.Y. Mem. A.S.M.E. Mr. Larson received the degree of B.S. in 
M.E. from Armour Institute of Technology in 1913. He became 
lubrication engineer with the Texas Company in Chicago, and was 
advanced to the position of chief engineer in charge of lubrication- 
service engineers, comparative tests, lubrication-equipment installa- 
tion, and development of new products. He served as wing lubri- 
tation officer, first lieutenant, Air Service, U. S. Army. In 1919 
he joined the Sinclair Refining Company as assistant supervising 
engineer and became supervising engineer in 1921. 

Contributed by the Oil and Gas Power Division and presented at 
the National Oil and Gas Power Meeting of Taz AMERICAN Society 
- MecunIcaL Enatneers held at Ann Arbor, Mich., June 24 to 

, 1936. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
wtil April 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
wderstood as individual expressions of their authors, and not those 
of the Society. 


Performance of Lubricants Based on 
Diesel-Engine Service Conditions 


By C. M. LARSON,' NEW YORK, N. Y. 


Fig. 3 shows the Winton two-stroke-cycle Diesel engine tested 
using a Pennsylvania oil with a viscosity ef 85 sec at 210 F, which 
oil falls in zone 1 of Fig. 1. 


MeTuop or SELECTING LUBRICATING OILS 


One of the most complete methods for the selection of the 
grade or viscosity of the oil for various types of service and tem- 
perature conditions, without respect to quality, is the lubrication 
chart shown in Fig. 4. This chart was developed by the Atlas 
Imperial Diesel Engine Company. The selection of the lubricat- 
ing-oil quality is left to the customer or the oil-company engineer 
who is acquainted with the actual operating conditions. 

The margin of the chart adjacent to the temperature-difference 
values has been arranged in zones, with subzones A, B, and C 
which are used in conjunction with the engine-room temperature 
for indicating the proper oil grades. The various S.A.E. numbers 
or grades with corresponding viscosities appear as diagonal bands 
across the chart and have been correlated with the other values 


quirements are 400 to 780 sec Saybolt TABLE 1 STATIONARY | FOUR. -CYCLE ATLAS DIESEL ENGINES AND LUBRICATING 
Universal at 100 F, as shown by area A IN WHICH THEY ARE L0U8 
in Fig. 1. Winton, however, is restrict- a classifienticn————~ 
ing their circulating oils to area B, which - ~ 
is limited by 1000 sec viscosity at 100 F in- Bore, Stroke, Speed, Standard — 
: ss } lel no. p - in. in, rpm engine sory uty uty 

maximum, and 75 see at 210 F minimum. 4.35, 80 7 8.5 650 34 1B 3B 34 

The oils covered by area A consist of 6E8327 120 650 3A 1B 3B 3A 

> 3 : 0 

those ranging from Gulf Coast, through 4Hs1021 140 4 10 13.0 360 2B 1B 2¢ 2B 
Mid-Continent, Mid-Continent solvent- 6HS1021 210 6 10 13.0 360 2c 1B 3A 2c 


to insure the selection of an oil with the correct viscosity for the 
conditions encountered. Engine recommendation sheets, similar 
to Table 1, are used by Atlas Imperial Diesel Engine Company to 
furnish complete engine data including the speed on which the oil 
recommendations are based and the proper zone in which the 
engine is located for the conditions indicated. Standard Atlas 
engines are not equipped with oil coolers and are assumed to be 
supplied with cooling water at the average temperature found in 
practice. Stationary and industrial-engine sheets, as shown by 
Table 1, include zone recommendations for radiator cooling sys- 
tems, in which case it is assumed no oil cooler is employed. Inter- 
mittent duty covers engines operating at intermittent loads and 
speeds, such as found in installations in power shovels, draglines, 
locomotives and power units. Table 1 lists various models of 
Atlas engines and shows the lubrication zones in which each 
standard engine, and standard engines with oil coolers and radia- 
tor cooling systems, are located. The recommended lubrication 
zone is based on the operation of the engine at continuous load 
and speed, except where specifically indicated otherwise. The 
lubrication zones are definitely defined for each engine under the 
conditions specified in the engine recommendation sheets. 

In selecting the preper grade of lubricating oil for a given 
engine, first secure the correct zone from the recommendation 
sheets. Knowing the engine-room temperature, the S.A.E. 
number can be found from Fig. 4 by locating the intersection of 
the vertical temperature lines with the horizontal zone. If the 
oil temperature to the bearings is known or can be determined, 
the S.A.E. number may be selected from this temperature alone 
since the oil-temperature lines are parallel to the grade bands. 
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80 F. It is seen from Table 1 that an oil 
falling in zone 3A should be used with 
this engine. Referring to Fig. 4 the in- 
tersection of zone 3A and the vertical 
80-F line indicates an S.A.E. number of 
50. An S.A.E. 50 oil may be safely used 
in engine-room temperatures of 40 to 
100 F. 


ES 
4 


EFFEcTs OF OPERATING CONDITIONS ON 
LUBRICATING OILs 

In circulating systems, oil escapes from 
the bearings and is whipped into a fine 
spray. The hotter the oil and the more it 
is whipped into the hot air or blowby gases, 
the greater the oxidation and sludging of 
the oil. The rate of oil circulation and 
capacity of the system regulates the 
amounts of heat absorbed or removed. 
Naturally, an engine, with a rated ca- 
pacity of 1 gal per 6 hp, with the same 
rate of circulation and operating condi- 
tions, will impose less hardship on the oil 
than the same engine with a capacity of 
1 gal per 10 hp. In several instances, 
where it was impossible to increase oil 
capacity, excessive sludge trouble was 
eliminated by increasing the rate of circu- 
lation and installing an oil cooler. The 
increased rate of circulation of cooler oil 
* me reduced the piston and ring temperatures 
SAYBOLT VISCOSITY AT 210°F. , so that less oxidation and cracking of the 

Fie. 1 Srraicut-Live Viscosiry-Zone InpEXx CHART oil occurred and the blowby was reduced 
because a better piston seal was main- 

Wherever possible the S.A.E. number should be selected on the tained. Formerly, heavier oils were tried but the condition 
basis of the oil temperature to the bearings, although in the became worse because of the higher temperatures and the more 
majority of installations it will be difficult or impractical to de- sluggish oil flow. 
termine this temperature, and 
the grade must of necessity 
be selected on the basis of the 
lubrication zone and the en- 
gine-room temperature. When 
an accessory oil cooler (not 
manufactured by Atlas Im- 
perial Diesel Engine Com- 
pany) is incorporated in the 
engine lubrication system and 
the oil temperature is un- 
known, it will usually be safe 
to assume the temperature to 
be 10 to 15 F above the water 
inlet temperature to the cooler. 
An oil of a given 8.A.E. num- 
ber may be safely used at tem- 
peratures 10 F above and be- 
low its boundary on the chart. 
In case of doubt, it is advisable 
to use a heavy rather than a 
light lubricating oil. 

As an example, select the 
proper grade of lubricating oil 
for a Standard Atlas Model 
6ES327, 120-hp, six-cylinder, 
7 X 8'/,-in., 650-rpm station- 
ary engine, operating at an 
engine-room temperature of Fic. 2. Mopern Hooven, Owens, Dovusie-Actine Four-Cycie Diese, ENGINE 
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High end-point, high car- 
bon content, or low ignition 


ENGINE ROOM TEMPERATURE 
30 40 


quality in a fuel has a great 
deal to do with excessive 


sludge in the lubricating oil. 
This is due to slow or faulty 


combustion and cracking of 
the heavy ends. 


aT 210° 


Fig. 5, showing a plot of 
spontaneous-ignition tem- 
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perature against the average 
boiling point of different frac- 
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tions of petroleum oil, indi- 
cates theoretically the dras- 


tic change in characteristics 
of the heavy fractions of a 
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petroleum distillate at differ- 
ent ignition temperatures. 
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ZONE 2 | ZONE 3 | ZONE 4 


TEMPERATURE DIFFERENCE 


The sharp turn of the curve 
at 700 F indicates that such 


105 MIN. AT 210° F 
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fractions do not burn com- 


° 
pletely, and that they crack cog 


so 


into fine carbon which blows 
by the pistons into the cir- 
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culating oil. 


In addition to this, consider N 
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75 
105 MAK. AT 210° F. 


the high pressure shown in © 


Fig. 6d that was caused by 


TEMPERATURE OF Ol. TO BEARINGS 


S000 MIN AT O° F 


a fuel with poor ignition 
10000 Max. aT O° F 


qualities. The fuel had a 


90 MIN. AT 130° F. 120 MIN. AT 180° 165 MIN. AT 130° 
120 MAX. AT 180° 255 Max. aT 130° F. 78 MAX. AT 210° F. 


cetane number of 31. It 
caused rough running, and 
raised the maximum pressure to 1059 lb per sq in. at full load, 
or 262 lb per sq in. higher than the maximum pressure shown 
in Fig. 6b, which was attained with a fuel having a cetane num- 
ber of 57. The part-load maximum pressure of 862 lb per sq in. 
attained by the fuel with a low cetane number and shown in 
Fig. 6c was also greater than the full-load pressure of 797 lb per 
8q in. attained with the better grade of fuel and shown in Fig. 
6b. Because of these high pressures attained with low-quality 
rough-running fuel, the blowby with such a fuel is increased 
considerably, and where this condition is coupled with high end- 
point, much soot passes the piston rings into the crankcase. 
Where the shocks were too great because of high pressures at- 
tained with low-quality fuels, the bearings have been known to 
pound out. 

An analysis of a circulating oil, complained of as giving bearing 


Fie. 4 Lusrication CHartT DEVELOPED BY THE ATLAS IMPERIAL DreseL ENGINE CoMPANY 


trouble, showed by the volume method that it contained 98.5 
per cent oil, and 1.5 per cent sludge. When the oil was separated 
completely by a 6000-rpm centrifuge,? it virtually reverted to its 
original state, showing a viscosity of 520 sec at 100 F; a viscosity 
of 56 see at 210 F, a neutralization number of 0.13 mg KOH; 
no precipitation number; a carbon residue of 0.10, and no ash 
content. However, an analysis of the 1.5 per cent sludge re- 
vealed that it contained 10.33 per cent oxidized oil (asphaltic) 
by weight, 8.8 per cent iron oxide, 11.37 per cent iron sulphide, 
69.5 per cent carbon (piston blowby), and that it had an acid 
reaction to water. 

The examination of the fuel showed that the sludge was 

? “Lubricating Oil—General Information, Requirements and 


Methods of Test,”’ Bulletin N. Eng. 31, 1936, Bureau of Engineering, 
U. S. Government Printing Office, Washington, D. C. 


WINTON 


Fie. 3 Winton Two-Cyrcie Diese, ENGINE 
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caused by the 730 end-point and 37 cetane number, and that the 
high acid and iron sulphide were caused by the high sulphur con- 
tent of 1.51 per cent in the fuel. When the fuel was changed to 
a 600-end-point product with a low sulphur content of 0.25 per 
cent and a 55 cetane number (the engine operating at 900 rpm) 
the bearing trouble disappeared and the sludge condition was 
greatly reduced even though the drainage periods were greatly 
extended. 
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Fie. 5 Errect oF SpPpONTANEOUS-IGNITION TEMPERATURES ON 
Gutr Coast AND PENNSYLVANIA PETROLEUM DISTILLATES 


The viscosity of the circulating oil increases with use due to 
oxidation. Dilution never occurs except where the fuel injection 
plungers are tied into the circulating oil system, and plunger 
leakage takes place. 

Every precaution should be taken to prevent the entry of 
water into the circulating systems. Water in the oil not only 
increases the frictional resistance, causing the oil film to break 
down prematurely, but also corrodes the journals. 

Excessive carbon deposits in piston-ring grooves interfere with 
the functioning of the rings. The rate of deposit varies with each 
particular engine. Carbon deposits of this nature can be reduced 
by preventing the aggregate of carbon from forming. This 
can be best accomplished by keeping the temperature of the 
pistons below the cracking point of the oil and allowing enough 
lubricating oil to pass the top ring to flush the blowby carbon 
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TABLE 2 WEAR OF LINER OF A DIESEL-ENGINE CYLINDE 


Distance from Longitudinal Transverse 
top of wear per wear per 

piston, in 1000 hr, in. 1000 hr, in 
1.3125 0.0025 0.0029 
2.3125 0.0010 0.0014 
6.7500 0.0008 0.0014 
.0000 0.0010 0.0014 

12.7500 .0004 


from the ring grooves. However, the high end-point of the fuel, 
which is slow-burning and cracks into fine sooty carbon and tarry 
matter, will increase the rate of ring sticking. In a few instances, 
where the temperature of the rings was high enough to crack the 
lubricating oil, or even where circulating-oil temperatures were 
extremely high, ring sticking was overcome by the addition of a 
small amount (2 per cent or less) of carbon-disintegrator material 
to the lubricating oil. This kept the carbon aggregate from build- 
ing up into a briquette. It is too early to say how extended this 
additional agent will be used in large industrial Diesel engines. 

Leakage of the gases past the split of each piston ring, and 
especially past the clearance between each ring and its groove, 
causes pressure to build up behind the rings. Behind the top 
ring this pressure is greatest, being approximately 100 per cent 
of the pressure on the piston. The pressure behind the second 
ring is approximately 80 per cent of the pressure on the piston. 
Behind the last ring it is practically negligible. The upper rings 
produce a squeezing action which greatly reduces the oil film. 
The lubricating film on the upper portion of the cylinder wall is 
subjected to higher temperatures for longer periods in addition 
to high ring pressures, and therefore this top portion of the 
cylinder wears the fastest. This is clearly shown by the measure- 
ments of a high-speed Diesel-engine liner given in Table 2. 

Performance of lubricants in Diesel engines is so interrelated 
with combustion efficiency and lubricating-oil stability, that it is 
difficult to isolate them. However, in so far as the lubricating 
oil can be considered a contributing cause, if a lubricant is used 
which resists to the greatest degree possible any change in vis- 
cosity, carbon content and acid number during operation, then 
the user is assured that troublesome asphaltenes will not develop 
to cause sludging in the crankcase and sticking of piston rings 
and valves. 


(b) 


35 BHP 10 BHP. 
SMOOTH RUNNING = FUEL 57 CETANE NUMBER 


35 BHP 10 BHP. 
ROUGH RUNNING = FUEL 31 CETANE NUMBER 


Fie. 6 Inpicator Carps SHOWING THE Errgors or Two Grapes or oN THE WorRKING PRESSURES 
(Cards taken on a single-cylinder four-cycle, 41/2 X 6-in., 1200-rpm, 10-hp Diesel engine.) 
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Rotary Drilling Rigs Operated by 
Internal-Combustion Engines 


The authors discuss the use of internal-combustion en- 
gines as prime movers for rotary drilling rigs. They show 
diagrammatically the advances made in the application 
of internal-combustion engines to rotary drilling, and the 
different methods of connecting the engines through 
mechanical and electrical means to the drilling equip- 
ment, 


By D. M. MacCARGAR! anp O. A. HAAS,? TULSA, OKLA. 


a mechanical rig. The most important of these is that the 
connection between the engine and the load be elastic in nature. 
To obtain the maximum efficiency and allow the driller to operate 
his engines at their best torque point, it is necessary that a suffi- 
cient number of speed changes be provided in the design. In 
direct-current electric drives, due to the inherent characteristics 
of the equipment, it is not necessary that much thought be given 


ternal-combustion engine have led to its 
adoption as a prime mover for rotary drill- 
ing rigs. The basic reasons for their general 


= PRACTICAL advantages of the in- 


fagine 


T] 
Orew Werks 


acceptance are (1) a great saving in fuel costs 
when compared to steam-driven units, (2) an 
equal saving in water, and (3) their portability 
which shows up in the form of lessened trans- 
portation costs. It is the intention of the 
authors to show by means of line diagrams and 
sketches the evolution or the development of 
the use of internal-combustion engines for 
rotary drilling. This is to be accomplished 
by showing the different methods of connect- 
ing the engines through mechanical means to 
the drilling equipment, and later by showing 
the more flexible methods in which electric 
generators and motors are used as part of the 
drilling units. 

In the following paragraphs wherever the 
designation “‘mechanical drive’’ is used in a de- 
scription, it is to designate a rotary rig driving 


Reverse Clutch 


fagine 


the machinery direct from internal-combustion 
engines using either V-belts, chains, or gears 


Engine 
as power-transmission mediums. Where “elec- 


trical rig” is referred to, it will mean either 
a direct- or alternating-current rig with internal- 
combustion engines driving the generators and 
either direct- or alternating-current motors driving the machinery. 

Certain definite requirements are necessary in the design of 


Fie. 1 First 


1 District Manager, Allis-Chalmers Manufacturing Co. Mr. Mac- 
Cargar was educated in Canada. He entered the employ of the Allis- 
Chalmers Company in Toronto in 1907, and with the exception of a 
period during the War and a short period on other work he has been 
associated with the Allis-Chalmers Manufacturing Company since 
that time. For the past fifteen years he has been active in the 
oil industry, specializing in drilling design and application of rotary 
drilling equipment. 

? Chief Engineer, Oklahoma Iron Works and International Supply 
Company. Mr. Haas received the B.S. degree in 1926 and the M.S. 
degree in 1928 from the University of Wisconsin. He was employed 
as an engineer and sales engineer with the Allis-Chalmers Manufac- 
turing Company for 21 years, but resigned in 1936 to assume his 
present position. 

Contributed by the Petroleum Division and presented at the Semi- 
Annual Meeting of THe AmprRIcAN Soctety or MECHANICAL ENGI- 
NEERS held at Dallas, Texas, June 15 to 19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 
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SuccessrFuL ARRANGEMENT FoR Darivine Rorary Drituine Ries 


INTERNAL-COMBUSTION ENGINES 


to the type of draw works or the speed changes available, al- 
though with alternating-current electric drives the condition 
is almost comparable with mechanical drives. 

Probably the first rotary rig driven by an internal-combustion 
engine, mechanically operated, was installed in California in 1924. 
Owing to the lack of knowledge in the design of proper reversing 
clutches, this rig was converted about a year later to a full 
direct-current electric drive. After a lull of about two years, 
during which time very little work was done on the design of rigs 
for rotary drilling driven by internal-combustion engines, an 
installation was made in 1927 of a mechanical rig in the Mid- 
Continent territory. This was probably the first successful rig 
of its type. A layout of this rig is shown in Fig. 1. In this 
layout it will be noted that the application of the engines to 
rotary-drilling equipment follows along the conventional line 
of steam practice; that is, an individual prime mover was pro- 
vided for each pump and for the draw works. With this ar- 
rangement when engine trouble was encountered, particularly 
on the draw-works engine, it was necessary to halt the operations 
until the draw-works engine could be repaired or move one of 
the pump engines to the draw-works engine position. It might 
be well to note in passing, the prior attempts to connect in- 
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Fie. 2 APPLICATION oF INTERNAL-~CoMBUSTION ENGINE TO RoTaRY DRILLING Rie ror Exminatine Suvutrpowns Due TO FAILURE OF 
THE Draw-WorkSs ENGINE 


Fic. 3 A MopiricaTion oF THE ARRANGEMENT SHOWN IN Fic. 2 


ternal-combustion engines to the drilling equipment had em- 
ployed the use of chains or gears. At the time this rig was de- 
signed, V-belt drives were coming into prominence and their 
use as a flexible power-transmitting medium was really a prime 
factor in the success of this rig. As stated before, the main 


Fic. 4 ARRANGEMENT oF Two Enaines Face To Face To PRovips 
Errective REVERSING OF THE Draw WorKS 


objection to this rig was the danger of rig shutdowns from engine 
trouble and this gradually led to the development of the layout 
as shown in Fig. 2. 
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This mechanical drive provides the flexibility of either in- 
dividual engine or combined engine operation by means of 
clutches arranged on the power stub shafts connected to the 
engine. Normal drilling operations are performed by one engine 
driving the draw works and table, while the other engine drives 
the pumps. For hoisting duty the two engines are compounded 
by means of clutches and the total power is ther applied to the 
draw works. If either of the engines should be down, the other 
engine can continue the work by proper manipulation of the 
clutches. In some cases where the proper speed changes are 
not provided for on the draw works, correct drilling speeds may 
not be obtained when referred to a predetermined pump speed 
or vice versa, but conditions are so closely approximated that 
progress is not greatly hampered. There are many modifica- 
tions of the installation shown in Fig. 2, one of which is shown 
in Fig. 3 which shows a different method of driving the pumps. 

One of the major objections to the mechanical rig has been 
the complications introduced in the design of a good reliable 
reverse clutch. In most cases these clutches had to be designed 
with planetary or bevel gears. Fig. 4 shows a layout that utilizes 


Qrow berks 


Fic. 5 ANoTHER ARRANGEMENT FOR OBTAINING EFrecTiIve RE- 
VERSAL OF Draw WorKS 


two shafts operating in opposite directions. To obtain the 
reversal on the clutch two engines are connected together face to 
face through a 1-to-1 gear arrangement. Opposite sides of the 
reverse mechanism are connected to opposite rotative shafts. 
It will be noted that provision is made for disconnecting the 
pump drive by means of a jaw clutch. Any of the methods 
shown in the preceding sketches for double pump drive could 
be used with this arrangement. 

Apparently the wide use of the design shown in Fig. 4 led to 
the arrangement shown in Fig. 5. Here a right-hand and a 
left-hand engine are connected together by means of a friction 
dutch. Under ordinary operation the friction clutch is dis- 
engaged, one engine driving the pump and the other engine 
driving the draw works. It will be noted that there is a jaw 
clutch provided to disconnect the pump. For hoisting opera- 
tions the friction clutch is engaged and the power of the two en- 
gines is used in multiple for hoisting. 

There are a great many modifications possible in mechanical 
drilling rigs. These modifications are perhaps based on the 
availability of material, the connection of the designer, and the 
whim of the user. An example as to how far this can go is 


shown in Fig. 6 wherein a number of speeds are provided in the 
power-transmission mechanism, and in which both gears and 
chains are used. In the power transmission itself there are 
three speeds which means that with a four-speed draw works there 
vould be twelve hoisting speeds and at least three drilling speeds. 

As mentioned before, the limitations in torque characteristics 
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Fia. 7 ARRANGEMENT OF First Direct-CuRRENT EQUIPMENT FOR 
Rotary Ries 


of internal-combustion engines at low speeds and their inability 
to handle shock loads led to the introduction of direct-current 
electric units as a transmission medium between the engines and 
the drilling equipment proper. On the first direct-current 
equipment built there was provided a direct-current generator 
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and a direct-current exciter direct-connected to each engine, and 
inasmuch as variable-voltage control or the Ward-Leonard 
system was used, if one engine broke down the whole drilling 
operation ceased, because it is necessary to have one generator 
foreach motor. It is true that switching equipment was provided 
so that if one engine broke down it was possible to operate another 
engine for the hoisting operation to get the tools out of the hole. 
But still the drilling operation proper ceased until the drilling 
engine was back in service. This arrangement is shown in 


Drow Werks 


Storting and Excrtetion Units 


Fie. 8 Equipment Brcause oF LIMITATIONS OF 
ARRANGEMENT SHOWN IN Fic. 7 


a heavy-duty hoisting operation. During ordinary drilling op- 
erations the first two are in use. 

Limitations of the equipment shown in Fig. 7 led to the develop- 
ment of the arrangement shown in Fig. 8. The equipment shown 
in Fig. 8 includes one large and one small generator direct-con- 
nected to an engine; the small generator develops current for 
rotation and the large generator develops current for operating 
the slush pumps. Provision is made in the control for operating 
the two large generators together, either on the pump or on the 
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Fig. 10 ARRANGEMENT THE Use or ENGINES ANY 


Speep Stock E.LectricaL EquIPMENT 


Fig. 7. The dotted lines 
show an improvement of the 
original development in which 
a reserve unit is provided 
with the improved scheme- 
switching equipment installed 
to allow any one of the en- 
gine units to be taken out 
and left out of service. It is 
apparent with this scheme 
that one of the three units is 


idle 100 per cent of the time, 
which means that there is an 
added investment for one 
reserve unit. As heretofore 
mentioned, most of the direct- 


current equipment in service 
today is based on the Ward- 
Leonard system of control, 
which means that a separate 
generator must be provided 
for each motor. 

In drilling a well there 
are three distinct power re- 
quirements, as follows: (1) 
A variable-speed requirement 
for mud pump, (2) a vari- 
able-speed requirement for 
rotating the table, and %(3) 


Single Engine Orilling Connection 


Single Engine Hosting or 
Two Engine Fishing Connection 


Fie. 9 EnmorricaL Connsotions or Equipment SHOWN IN Fra. 8 
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hoist, and the two small generators together for heavy-duty 
rotation. All operations are under full Ward-Leonard control. 
In this case if either engine breaks down the remaining engine 
can carry on the operations with full-speed control and with 
sufficient power to continue drilling without shutting down the 
operation. Most of the original units of this type were connected 
as shown in Fig. 9 in which the generators were run in series when 
both engines were in operation. Four different connections are 
shown. It will be noted that this is extremely flexible and all 
of the operations can be carried on with either one or two engines. 
Recently one manufacturer has offered a drilling unit which is 
identical with that shown in Fig. 8, with the exception that the 
generators are connected in parallel instead of series as shown in 
Fig. 9. 

Because of the great range in ratings and speeds of the different 
types of Diesel and gas engines, and the fact that the drilling 
companies usually require stock shipments on their equipment, 
it was necessary to design a unit with which almost any speed 
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engine could be used without expensive changes. In other 
words, a scheme that would allow the manufacturer of electrical 
equipment to build and stock drilling equipment, and allow the 
engine manufacturer to hook up to it readily, irrespective of the 
speed of the engines. The necessity of equipment of this kind 
led to the development of the arrangement shown in Fig. 10. 
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Fie. 13 MopiFrication or ARRANGEMENT SHOWN IN Fia. 10 


Drilling Connection 


Hoisting Connection 


Drilling Connection 


Fie. 14 Sertes Connections Usep Wits Equipment SHOWN IN 
Fie. 13 


Note that two generators of different ratings are rigidly connected 
together and mounted on a common base and that the engines 
are connected to the generator shafts by means of V-belts. Any 
changes necessary to adapt engines of different speeds can be 
made by changing the pulley or sheave sizes. Provision is made 
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Fie. 15 Driven System Is MecHaNIcALLy SIMILAR TO THE SysTeM SHOWN IN Fie. 2 


by means of friction clutches to use either one or two engines. 
On original equipment of this type the parallel system of con- 
nection was used and still is in use by the manufacturer. The 
same manufacturer that built the equipment shown in Fig. 8, 
which uses the series system, built the equipment shown in 
Fig. 10 which uses the parallel system. The explanation of 
this is based on one of the fundamental laws of direct-current 
design, that is, the ease in which generators can be operated in 
series when connected to individual engines with irregular engine 
speed and the difficulty experienced in operating generators in 
parallel, when connected to individual engines where the speed 
is liable to fluctuate. In the scheme shown in Fig. 10, the 
generators are rigidly connected together by means of a solid 
coupling and the parallel system of connection is used because 
it is impossible for the generator speeds to get out of step. Slight 
irregularity in firing order or angular variation that might be 
present in the two engines is taken up in the elasticity of the 
V-belt drives. Fig. 11 shows a typical installation of the ar- 
rangement shown in Fig. 10. The connections for this system 
are shown in Fig. 12. Where it will be noted that the Ward- 
Leonard system is again used with an individual generator for 
each operation, and with the two generators in parallel for 
hoisting. In most of the systems built to date the control 
systems have been built almost entirely automatic in the respect 
that the setup or change in connections is accomplished by 
means of a small master drum at the driller’s position. With 
this arrangement practically no hand switching is necessary. 


A modification of the layout shown in Fig. 10 is shown in Fig. 
13, the differences being in the mechanical arrangement of the 
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Fic. 16 ARRANGEMENT OF INTERNAL-COMBUSTION ENGINES FOR 
DrivinG ALTERNATING-CURRENT DRILLING EQUIPMENT 
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Fie. 17 Torqus AVAILABLE With Same Gear Ratio anp SAME 
Maximum ENGINE HorsePOWER IN ALTERNATING- AND DIRECT- 


CurRRENT EQUIPMENT 


the generators separately by the disengaging of an easily de- 
tachable coupling. Because of the fact that the engines can be 
and are run separately, the series system of electrical connection 
is used as shown in Fig. 14. Fig. 14 shows that for normal 
drilling operations separate generators are provided for both 
pump and drilling motors, while for heavy-duty hoisting two 
generators are run in series. This could be done either with 
the coupling engaged or disengaged. Because of the large 
differences in the power requirements between the table rotation 
and the mud pump, it is possible to use generators with a wide 
difference in ratings. In the hookup shown in Fig. 12, the 
ratings of the generators are additive, or in other words the full 
capacity of both generators is available for hoisting. With 
the hookup shown in Fig. 14, it is necessary to use generators of 
almost identical rating because they are run in series, and if 
different ratings are used for the two generators then the hoisting 
power available is limited to twice the rating of the small gener- 
ator, 

The facts that the initial cost of complete electric rigs is 
rather high, and that the driller is more familiar with mechanical 
rigs than with electrical rigs, because of the larger number of 
mechanical rigs in service, led to the development of the ar- 
rangement shown in Fig. 15. This arrangement is almost 
identical with that shown in Fig. 2 with the exception that a 
generator is used instead of the reverse clutch, and the conven- 
tional draw-works motor drive is used. This arrangement 
gives the high-torque, low-speed characteristics of the direct- 
current system for hoisting, allows a wide range of table speeds, 
and at the same time allows the pump to be operated at its best 
operating point. In this scheme the generator and exciter are 
designed for a wide speed variation in some cases as high as 
50 per cent. The engines are normally operated with com- 
pounding drives in service, which means they are not only com- 
pounded during the hoisting operation but also for normal 


engines and drives and the fact that provision is made for running 
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drilling operations, thus allowing an equal engine-load distribu- 
tion at all times. Operating results have shown that smaller : 
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engines can be used with this design than for any of the straight 
mechanical rigs for the same duty. 

The fact that a large number of alternating-current rigs in 
the Seminole and Oklahoma City fields were operated on pur- 
chased power and were subsequently stacked, led to some thought 
being given to alternating-current generator plants driven by 
internal-combustion engines, thus allowing these rigs to be 
salvaged and put back in service. Several different designs 
have been made to accomplish this purpose. One such design 
is shown in Fig. 16. This design includes three slow-speed, 
twin-cylinder oil engines all belted to a common line shaft which 
in turn is direct-connected to an alternating-current generator. 
From that point on conventional electrical connections were 
used. 

Because of the inherent torque characteristics of the alter- 
nating-current motor and also the fact that it is impossible to 
differentially wind alternating-current generators and provide 
nonstalling features for the engine, it has been necessary to 
provide greater engine horsepower than with the direct-current 
units to accomplish the same results. This is shown graphically 
in Fig. 17, which shows the torque available with both types of 
equipment, and in Fig. 18 which shows the useful horsepower 
available for both types. In Fig. 19 is depicted a modification 
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of the mechanical hookup for alternating-current generators. 

In all the alternating-current designs it will be noted that one 
generator is used with one or more engines to drive it. An 
attempt was made several years ago to use the conventional 
method of paralleling alternating-current generators electrically. 
Because of the instability of the ordinary governors for internal- 
combustion engines, it was not possible to keep the generators 
in parallel with any degree of satisfaction. 

The authors have attempted to show, without thought being 
given to the advantages and disadvantages of the different ar- 
rangements described, the several methods of mechanical or 
electrical transmission now in common use for the utilization 
of the power of the internal-combustion engine in rotary drill- 
ing operations. Like all other industries, it would be almost 
safe to say that the initial cost of the equipment is represented in 
some advantages or disadvantages. For instance a straight 
mechanical rig is the cheapest but the first cost introduces some 
very decided limitations. The half-electrical and half-me- 
chanical rig has eliminated some of the limitations of the straight 
mechanical rig but is more costly, while the full direct-current 
electrical rig is the costliest; but it equals if not excels the results 
from the steam rotary drilling rig with great savings in fuel and 
water. 
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The Collection and Evaluation of Data for 
the Design of Steam-Generating Units 


The author points out that rational progress in the de- 
velopment of steam-generating units can be made by 
careful deductions from known facts about such units, 
and by extrapolation of actual operating data. The pur- 
pose of the paper is to relate some of the difficulties en- 
countered, and the care necessary, in making field meas- 
urements = obtaining such operating data. 


HE PERFORMANCE of a steam-generating unit is ‘‘built”’ 

into it by the design. Its performance is fixed by the ar- 

rangement of heating surfaces and the path of gases over 
these surfaces. If the surface could be maintained clean and the 
gas flow uniformly distributed over it, its performance could be ac- 
curately predicted. Uncertainties of performance are the result 
of fouling of the surfaces and unequal distribution of gases. 

Rational progress in the development of steam-generating 
units must be made step by step, the operating experience of 
one design leading to the development of the next. It is obvious, 
however, that if there is to be progress, ventures must be made 
into new territory. The hazards of failure of such ventures 
can be greatly reduced by careful deduction from known facts 
and extrapolation of actual operating data. The purpose of this 
paper is to indicate some of the difficulties encountered and the 
care necessary in making field measurements in obtaining such 
operating data. For the determination of overall performance 
of a steam-generating unit, only end-point data are necessary. 
Heat input, heat output, and heat lossses only need be considered. 
For the purpose of obtaining design data, measurements through- 
out the unit are required and the performance of each part of the 
unit must be carefully studied. 

The rate of heat transfer from a hot fluid to cooler absorbing 
surfaces may be calculated with a satisfactory degree of accuracy 
when the mass and temperature of the fluid are known, when the 
flow of fluid is uniformly distributed over the heating surfaces, 
and when the heating surfaces are clean. These ideal conditions 
never occur in practice, and the designer of heat-absorbing equip- 

! Assistant Engineer, Development and Research, Combustion 
Engineering Company, Inc. Mem. A.S.M.E. Mr. Cross was grad- 
uated from Colorado College in 1913 with an A.B. degree. He was 
then employed by the Blue Bird Gold Mining Company, Cripple 
Creek, Colo., in drafting, surveying, and sampling. In 1914 and 
1915 he served with the T. M. Park Mining Company, Tucson, Ariz. 
He taught physics and chemistry in the high school at Glenwood 
Springs, Colo., from 1915 to 1917. From 1918 to 1920 he served 
with the U.S. Bureau of Mines at Pittsburgh, Pa., and Seattle, 
Wash. From 1920 to 1931 he was engaged in research and testing 
for the Combustion Engineering Company, Inc., New York, N. Y. 
He entered the employ of FosterWheeler Company in 1931 as research 
= design engineer, and resigned in 1934 to assume his present posi- 

ion. 
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ment must consider both theoretical and practical data; in 
general, the shape or slope of an absorption curve may be deter- 
mined from a theoretical consideration, but empirical constants 
must be established to locate the curve with respect to its refer- 
ence axes. 

The problem of design of a steam-generating unit begins with 
the furnace. It is there that the heat latent in the fuel must be 
developed for delivery to the boiler. In the not far distant past, 
the sole function of the furnace was considered to be the evolution 
of heat and any absorption of heat that occurred was merely 
incidental to the exposure of boiler tubes to the furnace. Water- 
cooled surface was first introduced into the furnace to protect 
refractories from erosion by molten ash. It next replaced re- 
fractory surface and in the high-capacity furnace of today, 
refractory surfaces are almost completely eliminated and the 
absorption of heat has become an important function. In 
units of recent design 40 to 50 per cent of the available heat in 
the fuel is absorbed in the furnace. 

From a consideration of combustion only, the rating or duty 
of a furnace is expressed by the heat liberated per cubic foot of 
combustion space and the effectiveness of the furnace is measured 
by the composition of gases delivered to the boiler. Considered 
as a heat-absorbing unit, the rating of a furnace is the heat 
liberated per square foot of radiant-heat-absorbing surface, and 
the measure of its performance is the temperature as well as the 
composition of the gases leaving the furnace. 

The area of radiant-heat-absorbing surface may be calculated 
in various ways. It may be based on the entire circumference of 
furnace tubes, on one half the circumference, on projected sur- 
face of the tubes only, or on the projected surface of tubes and 
appurtenances such as fins, pegs, or attached blocks. As long as 
absorption rates are determined on the same basis, it does not 
matter how the radiant heating surface is computed. Projected 
areas are recommended for simplicity of calculation. A large 
part of the discrepancy in published values for furnace absorp- 
tion rates is due to differences in methods of computing radiant 
heating surface. Convection-heat-absorbing surface is fixed by 
official definition. Radiant-heat-absorbing surface should also 
be officially defined. 

The transfer of heat in the furnace is principally by radiation 
and takes place according to the Stephan-Boltzmann law, in- 
volving the difference in the fourth power of the absolute tem- 
peratures of the radiating surfaces. As applied to heat absorp- 
tion in a furnace, the equation of this law may be written 


Q = €,AiT\! — 


where Q is the quantity of heat absorbed, C is the radiation con- 
stant including the emissivity factor, A is the surface area, and 
T is the absolute surface temperature. The subscripts 1 and 2 
refer respectively to the hotter and the cooler surfaces. This 
expression treats each surface separately as radiating surface and 
assumes the difference in heat radiated to be the net heat trans- 
ferred. 

The factorC, can be based on an emissivity factor of unity with- 
out serious error. The area A, will vary with the method of 
firing and also with the rate of firing and percentage of excess air. 
If we consider the outer envelop of the flame as the active radiat- 
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ing surface, the area A, will always be smaller than A; which is 
its limiting value. The temperature 7 does not exist as such. 
It is the average temperature corresponding to the average rate 
of absorption. The factor C; for the wall surface depends upon 
the type of wall construction and upon its state of cleanliness. 
The area A, is fixed by the design. The temperature 7; of the 
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wall surface is controlled in some measure by the design pressure 
but is greatly affected by the state of cleanliness. For a clean 
tube surface the temperature 7; cannot greatly exceed the 
temperature corresponding to the operating steam pressure, 
but if covered with ash it can assume any temperature up to the 
fluid temperature of the slag. When boilers are operated at con- 
stant high ratings, wall tubes may become encased with a thin 
layer of almost vitreous slag which must be close to the molten 
temperature on the outer surfaces. When the rating is lowered, 
these accumulations fall off. When the boiler is operated with 
variable rating, slag is constantly building up and falling off so 
that furnace surfaces remain comparatively clean. 

A furnace-temperature gradient is shown in Fig. 1 for a com- 
pletely water-cooled furnace fired with powdered coal. The 
burners are arranged tangentially at the bottom of the furnace. 
The temperatures shown were measured with thermocouples of 
platinum platinum rhodium inserted through openings at dif- 
ferent levels in the furnace. They are average readings over an 
insertion distance of about 8 ft. At the lower part of the fur- 
nace they may be correct within 100 F. The theoretical flame 
temperature was 3600 F, while the maximum measured tempera- 
ture was 2600 F. The theoretical temperature of flame cannot 
be attained unless the combustion of the fuel is instantaneous. 
Actually, a definite time is required for combustion, and radia- 
tion occurs during combustion so that the theoretical temperature 
is never reached. 

The only furnace temperature that can be measured with any 
degree of accuracy is the temperature of gases leaving the furnace, 
and most of the methods that have been proposed for computing 
furnace absorption rates are based on the Stephan-Boltzmann 
law using the furnace-outlet temperatures. 


Firing rates and absorption rates are plotted in Figs. 2 and 3 
against furnace-outlet temperatures. Fig. 2 shows curves for a 
completely water-cooled furnace, tangentially fired with pul- 
verized coal. This is the unit, the furnace temperature of which 
is shown in Fig. 1. Fig. 3 shows a curve for a vertically fired unit 
also completely water cooled. For the purpose of comparison, 
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WATER COOLEQ MOUNTING 
FOR 
ASPIRATING THERMOCOUPLE 


< PORCELAIN SHIkLO 


the Stephan-Boltzmann curve, based on furnace-outlet tempera- 
tures, is shown in each figure. The heat rates shown on the 
ordinates is the net heat per square foot of radiant heating sur- 
face. This net heat is equal to the gross heating value of the 
fuel plus the heat in the preheated air less the latent heat of water 
vapor and the heat in unburned carbon. It will be noted in both 
of these figures that the actual absorption rate has a steeper siope 
than the Stephan-Boltzmann curve. This may be accounted for 
by the increasing value of A, with higher combustion rates and 
also by an increase in the convection component with the in- 
creased velocity of gases in the furnace. These figures indicate 
the difficulties in applying the Stephan-Boltzmann law to the 
solution of problems in furnace heat transmission. That these 
difficulties may not be insurmountable is indicated by some of 
the recent treatises on the subject. 

The measurement of the temperature of a stream of gases 
adjacent to or surrounded by cooler surfaces is liable to a “‘radia- 
tion error.”” Theoretically, with any instrument having a mass 
exposed to the gases, the true temperature will never be indicated. 
The instrument is receiving heat by conduction and radiation from 
the gases and is losing heat by radiation to the cooler surfaces. 
It will finally assume an equilibrium temperature somewhat dif- 
ferent from that of the gases. The smaller the mass of the 
instrument, the closer will be the equilibrium temperature to 
the true gas temperature. Because of the small mass possible, 
the thermocouple is well adapted to the measurement of gas 
temperatures. For the farnace-outlet temperature thermocouples 
of platinum platinum alloy are necessary, preferably in water- 
cooled mountings. With such couples, wire diameters as low as 
0.005 in. may be used. The use of small wire reduces the radia- 
tion error and also the error due to conduction of heat along the 
Wire to the water-cooled mounting. 

One difficulty that is experienced with thermocouples is that 
due to slag building up on the wire and increasing the effective 
diameter, a false reading results because of the shielding 
effect and increased radiation. The couple must be frequently 
temoved and cleaned. Couples of the velocity type are some- 
times used. Such couples have a refractory shield surrounding 


WATER COOLED GAS SAMPLER OR THERMOCOUPLE MOUNTING 


Fig. 4 Piatn anp VeELociry THERMOCOUPLES IN WATER-CooLED MouNTINGS 


the hot junction to reduce the radiation and are also arranged so 

that gas may be drawn over the junction at relatively high 
velocity. Such couples give good temperature readings while 
they remain clean but they foul rapidly and require frequent 
cleaning. This is particularly true in powdered-coal furnaces. 

Since a thermocouple located at the furnace outlet is exposed to 
radiation from the hotter furnace below it as well as to the 
cooler surfaces above, it is questionable whether the radiation 
error will be plus or minus. In several cases where the tempera- 
ture was measured with two couples of 0.025 and 0.012 in. 
diameter, the larger couple gave the higher reading although the 
differences were not great. After experience with both shielded 
and bare couples, the author’s preference is the bare couple. It 
is much easier to clean and does not require cleaning as often as 
the velocity couple. 

Fig. 4 shows plain and velocity couples in water-cooled mount- 
ings. For maximum water area and minimum exposed surface, 
such mountings should be made up with thin-wall brass tubing. 
Lengths up to 12 ft can be handled without difficulty. 

As the gas-temperature measurements at the furnace outlet 
are at the largest flow section of the unit, a large number of points 
must be taken to get an average, and considerable time is re- 
quired for a traverse. Fortunately, while most large steam- 
generating units can be operated under quite steady conditions 
for periods of time long enough to make complete measurements 
over the entire unit, care should be taken that a change of operat- 
ing conditions does not occur while the traverses are being made. 

Ordinarily, the arithmetical average of the individual points 
of a temperature traverse of the furnace outlet may be considered 
to be a true average temperature. If there are wide differences 
in individual readings, differences in gas velocity may be sus- 
pected. If, however, the temperature be reasonably constant 
over the section, differences in gas velocity need not be considered. 

The heat transfer for all surfaces above the furnace is chiefly 
by convection, radiation transfer becoming less and less a factor 
as the temperature of the gas is reduced. The factors controlling 
the convection-transfer rate have been the subject of much study 
and theoretical values can be calculated that have good agree- 
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ment with practical values. Heat transfer by convection is 


represented by the equation 
Q = RS(tm) 


where R is the convection-transfer rate, Btu per sq ft hr deg F; 
S is the surface, sq ft, and tm is the mean temperature difference 
between the gases and the surface. The heat transferred by 
convection also must equal the product of the weight, the specific 
heat and the temperature drop of the gases or 


We,(ti — 


Q = We,(t, — ) and R = S(tm) 


For the experimental determination of R, the temperature and 
weight of gas is required. An inspection of the last equation 
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Fie. 5 Gas TEMPERATURES AND VELOCITIES IN A SMALL Four- 
Pass MaRINnE BOILER 


discloses that the error in the determination of W has a direct 
effect on the value of R. As a difference in temperature appears 
in the numerator, consistent errors in temperature measurement 
are largely compensating, although in the denominator they affect 
the value of R inversely with the sign of error. As consistent 
errors in temperature measurement are more likely to be minus 
than plus because of radiation error, and also because of varia- 
tion in gas velocity, the determined values for R are likely to be 
high. 

Unlike measurements at the furnace outlet, the radiation error 
in gas-temperature measurements in the boiler passes must al- 
ways be negative, because the instrument used is completely 
surrounded by surfaces at a lower temperature than that of the 
gases. The radiation error is less at high boiler ratings when the 
gas velocity is high. Shielded velocity thermocouples or thermo- 
couples made with small wire and small hot junctions should be 
used. The small-wire bare thermocouple is recommended for its 
simplicity. At the ratings at which present-day units are usually 
operated, the radiation error should not be large. 

The effect of varying velocity when the arithmetical average of 


a number of readings is taken is to cause a minus error in the 
temperature. The transfer rate R varies with a power of the 
mass flow. If this exponent were unity, the transfer rate would 
increase at the same rate as the flow and the temperature of gas 
leaving a boiler would remain constant regardless of rating. 
Actually, the exponent is somewhat less than unity and the gas 
temperature increases with flow. The points of high velocity 
therefore become points of high temperature, and if given equal 
weight as in an arithmetical average, the average gas temperature 
would be in error on the low side. 

Bulletin 214 of the U. 8. Bureau of Mines describes tests on a 
small marine boiler during which tests special investigations of 
gas temperature and gas velocity were made. The results of one 
test on a four-pass boiler are shown graphically in Fig. 5 for each 
of the four passes. The arithmetical mean temperature is com- 
pared with a weighted mean based on velocity and density. It 
will be seen that in the first pass, where there is no relation be- 
tween velocity and temperature, there is practically no difference 
between the arithmetical and weighted means. In the second 
and third passes, after the gases have passed over the heating 
surface, the high-velocity points become high-temperature points 
and the weighted average gives a higher value than the arith- 
metical average. The difference in the two averages is, however, 
surprisingly small considering the range in velocities. In the 
fourth pass there is less variation in velocity and temperature 
and the arithmetical and weighted mean temperatures are prac- 
tically the same. 

In most instances the arithmetical average of a number of read- 
ings taken over a section of gas flow will be sufficiently accurate. 
When a high degree of accuracy is required or when great dif- 
ferences in velocity occur, velocity-head and temperature read- 
ings should be taken simultaneously and the weighted average 
obtained. The design of a combination thermocouple and pitot 
tube is not difficult, particularly as only relative and not absolute 
velocities are required. 

The weight of gas resulting from the combustion of fuel may be 
determined by means of a carbon balance. The weight of dry 
gas per pound of fuel is given by the familiar formula 


4CO, + O2 + 700 
3(CO, + CO) 


where the various gases are in per cent by volume and C, is 
the pounds of carbon burned per pound of fuel. To obtain the 
total weight of gas per pound of fuel there must be added to the 
dry gas the moisture in the fuel, the water vapor formed from 
burning hydrogen, and the water vapor in the air used for com- 
bustion. 

To obtain a representative value for the composition of gas at 
a flow section of the boiler, samples must be at a number of points 
corresponding to the points of temperature measurement. 

Except for the fact that air infiltration occurs throughout the 
unit, only one determination of gas flow would need to be made for 
studies of the entire unit. Air infiltration increases with draft 
and is, therefore, likely to be higher in the latter stages of heat 
absorption; that is, in the economizer and air heater. For a 
complete study of the steam-generating unit, four gas-sample 
traverses are necessary: One at the furnace outlet in connection 
with studies of the furnace, superheater, and boiler surface below 
the superheater; one at the boiler outlet; one at the economizer 
outlet; and one at the air-heater outlet. For each of these sec- 
tions of heating surface beyond the first pass, the average of the 
inlet- and outlet-gas weights should be used. As in making tem- 
perature averages, differences in gas velocity must be considered 
in making up the average of the analysis of gas samples, and if 
great differences in gas velocity are found to exist, weighted 
averages should be used. 


W (dry) = Cc, 


: 
| 
a 
\ 
0.05 
7 
anal 
en 
ald. 


The rate of heat transfer in that portion of boiler surface below 
the superheater is of interest chiefly in the superheater design. 
The temperature of the gases leaving the furnace must be reduced 
to accord with the degree of superheat required and also to comply 
with the limit set by the temperature tolerance of the metal of 
the superheater elements. With the present-day demand for 
higher superheat temperature, and with the development and 
use of high-temperature alloys, the amount of surface below the 
superheater is becoming smaller and wider tube spacing is being 
used. This smaller surface with wider tube spacing presents 
new factors in the mathematical determination of heat-transfer 
rates which are perhaps not covered in existing formulas, and 
new experimental data are required. 

The superheater may be either of the convection or radiant 
type or a combination of both types. Radiant superheaters are 
located in the furnace and may be treated in a similar way to 
water-cooled surface. Convection superheaters are located in 
the path of gases after a part or all of the boiler surface. The 
calculation of the heat-transfer rate for a superheater is more 
involved than for water-evaporating surfaces, largely because the 
mean temperature difference is difficult to determine. The 
multiloop design of large superheaters does not permit either a 
true counterflow or true parallel-flow arrangement. For this 
reason, superheater transfer formulas are almost entirely based 
on empirical data. 

Economizers, while designed on a counterflow principle are not, 
strictly speaking, true counterflow, but similar to the superheater 
are partially crossflow. However, because of the comparatively 
high heat capacity of water, there is only a small water-tempera- 
ture rise over the length of a single tube and for practical pur- 
poses, economizers of the usual design may be considered truly 
counterflow. 

Gas temperatures and gas weights for the economizer may be 
determined as heretofore described without much difficulty. 
The sections of gas flow are smaller than for boiler passes and the 
traverses are correspondingly simplified. The heat absorbed by an 
economizer may be determined both by the gas-temperature drop 
and by the water-temperature rise, one method serving as a 
check upon the other. The latter method probably is the more 
accurate as water temperatures may be measured more ac- 
curately than gas temperatures. 

The transfer of heat in the economizer more than for any other 
part of a steam-generating unit, lends itself to mathematical 
analysis. When the economizer elements have extended sur- 
faces, the effectiveness of such additional surfaces must be deter- 
mined experimentally. A factor may then be applied to the total 
surface to reduce it to effective tube surface. 

Air heaters are of three general types: The plate or envelope 
type, the tubular type, and the regenerative type. The plate 
and tubular heaters are similar in principle differing chiefly in 
the method of confining and separating the air and gas. In the 
regenerative air heater, the heat of the gas is first imparted to a 
solid. This solid is then transferred mechanically to the air 
stream and the heat is given up to the air. The principle of heat 
transfer is not greatly different from the other types of heater, 
but the temperature gradients are somewhat involved and diffi- 
cult to define. An exact mathematical analysis and derivation 
of air-heater transfer rates is impractical and design formulas are 
based largely on empirical data. 

Air heaters are always designed on the counterflow principle, 
but because of entrance and exit requirements, a part of the path 
scrossflow. The longer the heater can be made, the more nearly 
it approaches true counterflow. In all air heaters, the transfer 
of heat involves two gaseous mediums and the overall transfer 
tate from the gas to the air is a combination rate based on the 
‘ansfer rate of the gas to a solid and from the solid to air. If 
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R, is the gas transfer rate and A, is the air transfer rate, the net 
rate of transfer R from the gas to the air is expressed by 


1 1 1 


While this principle holds true for all transfer rates through- 
out the boiler, the transfer rate on the water sides of tubes is 
so high and the value of its reciprocal is so low that it may be 
neglected. 

The heat absorbed by an air heater is determined by the 
weight and temperature: drop of gas passed through it. If the 
weight of air passing through the heater could be accurately deter- 
mined, it would serve as an independent check on the heat ab- 
sorbed. Because of air infiltration ahead of the air heater, the 
weight of air passing through the heater is always less than the 


Fie. 6 DiaGram or Arg Heater UNFAVORABLE 
ConpITIons 


amount indicated by the analysis of gases passing through the 
heater. 

The temperature of gases to and from the heater -nd the tem- 
perature of air from the heater may be determined by temperature 
traverses at sections of flow. Because the encasing walls of 
ducts and flues absorb but little heat, their temperature is not 
greatly below that of the gases and there will be no appreciable 
error due to radiation. However, differences in velocity must be 
considered. Points of high gas velocity become high-tempera- 
ture points as has been previously described. However, points 
of high or low gas temperature occur independently of gas velocity 
because of differences in air velocity. On the air side of the 
heater, high-velocity points become low-temperature points and 
high- and low-temperature points may also occur independently 
of air velocity, being caused by differences in gas velocity. Or- 
dinarily, air heaters are designed in such a way that large differ- 
ences in velocity of either gas or air cannot occur, but some- 
times the design is affected by mechanical interferences and space 
limitations and unfavorable conditions for gas and air flow may 
result. An extreme case is illustrated in Fig. 6. The velocity 


variation is indicated by the length of the arrows, and the 
variation in temperature is indicated by the curves. 
a case weighted averages would be necessary to obtain representa- 
tive temperatures. 


In such 


The design of steam-generating units will probably never ap- 
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proach anything like an exact science. The behavior of water in 
its liquid and vapor forms has been thoroughly investigated and 
accurate tables of its properties have been prepared. Because 
of its high heat capacity and high density, it is ideal as a carrier 
ofenergy. It can be confined to small tubes and its flow directed, 
if not with accuracy at least with certainty. As an absorber of 
heat it leaves little to be desired. 

On the other hand, fuels are many and varied. They may be 
solid, liquid, or gaseous. They vary widely in physical properties 
and chemical composition and contain many impurities. They 
must be burned with air which contains 80 per cent inert sub- 
stance. The hot gases derived from their combustion have low 
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heat capacity and low mass. Because of the energy cost in 
moving so tenuous a medium, velocities are limited and large 
flow sections must be provided. These gases must be passed 
in series over each of the several parts of the steam-generating 
unit. Thus, the performance of each part is affected by the per- 
formance of all preceding parts. 

Considering the difficulties involved, the actual performance 
of steam-generating units in general compares favorably with de- 
sign performance. That occasional departures occur indicates 
that all factors are not completely under control. Emphasis 
should be made, not on occasional misses but on the large number 
of hits. 


te 
d 
: 
st 
ol 
: 
| 
th, 
mi 
at 
of 
0.2 
re Un 
192 
Tati 
gin 
| 
wit] 
Am 
Tese 
ip 
: 
Au 
sion 
of th 


lation Conditions on the Coefficients of 


Sharp-Edged Orifices 


This paper presents the results of a study made to de- 
termine the effects of certain installations on the coeffi- 
cients of discharge of sharp-edged orifices. The coefficient 
determinations were made with the orifice plates clamped 
between flanges made up on the end of pipe so that no 
appreciable gap existed between the end of the pipe and 
the orifice plate. Some of the orifice flanges were con- 
structed with a core or recess which left a gap of an inch or 
more between the end of the pipe and the orifice plate, 
this being done to simulate meters of this type now used 
to a greater or less extent. The authors present results 
obtained from the tests of such orifices set in 2-, 4-, and 8- 
in. pipes, as well as results from tests of standard-reference 
orifices.. All results are presented graphically. 


HE MAJOR part of the research work of the Joint Commit- 
tee of The American Society of Mechanical Engineers and 
the American Gas Association on Orifice Coefficients was the 
determination of the correct coefficients of discharge of sharp- 
edged orifices. The installation of the orifice has considerable 
influence on the value of the coefficient, and therefore the com- 
mittee was forced to make a comprehensive study of the effects 
that various conditions of installation had on the coefficients 
of the orifices. The coefficient determinations were made with 
the orifice plates clamped between flanges made up on the end 
of pipe so that there was no appreciable gap between the end 
of the pipe and the orifice plate. The pressure-tap holes were 
0.25 in. in diameter. : 
In some commercial installations, especially for the measure- 
ment of natural gas, the orifice flanges were constructed with 
a “core” or recess which left a gap of an inch or more between 
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the end of the pipe and the orifice plate. This type of flange 
was used generally only with meters having flange and pipe 
taps. The diameter of this core, or recess, was usually about 
the same as the outside diameter of the pipe. Most of these 
orifice flanges, as well as some of the newer ones without re- 
cesses, were constructed with large pressure-tap holes in order 
to reduce the possibility of the connections being clogged by 
dirt or ice. 

Since the users of meters having this type of flange would be 
placed at considerable expense to reconstruct all meter flanges 
that were recessed, and since operating difficulties might ensue 
with the use of too small pressure taps, the committee felt that 
an investigation should be made to determine the effect of 
these types of installations on the coefficients of orifices. These 
tests were conducted at the South Columbus Metering Station 
of the Ohio Fuel Gas Company during the fall and winter of 
1932-1933. 

The method of conducting the tests was to compare two 
similar orifices in different settings in series, measuring the same 
gas. Pipes of 2, 4, and 8 in. diameter were used, and comparisons 
were made using both flange and pipe taps. Two sets of orifices 
were used for each pipe size. For the 2-in. line there was a 
total of ten orifices with respective diameters of 1/3, */,, 1, 11/4, 
and 1!/,in. The diameters of the orifices for the 4-in. line were 
'/,, 1, 14/3, 23/3, and 3 in., while those in the 8-in. line were 1, 
2, 3, 48/,, 5°/,, and 6 in. There were 12 orifice plates for the 
8-in. line and ten for the 4in. line. 

The orifice plates were made of monel metal '/,; in. thick 
punched to the proper outside diameter with the orifice care- 
fully bored to size and the edges scraped to give a sharp square 
edge. The edges were inspected carefully and were found to be 
as nearly perfect as was possible with commercial manufacture. 
The plates were made in the Columbus shops of the Ohio Fuel 
Gas Company. 

Two types of orifice flanges were used for each size line. The 
one type used at all times for the standard or so-called reference 
flange, and at times in the second or commercial flange, was 
made with steel flanges carefully welded to the pipe so that the 
end of the pipe was flush with the face of the flange and the 
pipe was smooth and straight inside. This type was called a 
“steam-type flange.’ The other type, known as the recessed 
flange, was made in one of two ways. For the flange-tap tests, 
used orifice flanges were taken from the stock of the Ohio Fuel 
Gas Company and screwed onto the end of the pipe in the usual 
manner. When it was desired to find the effect of different 
lengths of core, the core was cleaned and an attempt made to 
use filler rings in the core. It was found that it was very difficult, 
if not impossible, to fit a ring so that it was smooth inside the 
pipe wall. Fig. 1 shows the 8-in. cored flange and filler ring. 

In some cases different cored flanges were tried with different 
diameters and lengths of cores. At times different combinations 
of cored and steam-type flanges were used to determine whethe: 
the inlet or outlet core was affecting the coefficient. 

For the flange-tap tests, the piping to the flanges was arranged 


RP-59-2 


Determination of the Effect of Certain Instal- 


3 
4 
: 
pr 
: 
ibe 


116 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


as shown in Fig. 2. Although Fig. 2 shows the arrangement of 
the 4-in. line, the arrangement of the piping for the other two 
lines was similar. The gas used was supplied through valves 
from a high-pressure line and was dumped into the intermediate- 
pressure line supplying the city of Columbus after going through 
the test setup. Following the regulating valve, the line was 
straight for about 40 pipe diameters, at the end of which the 
reference flanges were mounted. They were preceded by 


Fig. 1 Tue 8-In. Recessep FLANGE AND FILLER RING 


straightening vanes at six diameters on the inlet of the flange. 
The line then led to a header, and two lines connected this header 
to another similar header. These lines were valved so that the 
gas could be directed through either line. The commercial 


| 


flanges were mounted in these lines, the steam-type flange in 
one and the recessed flange in the other. Both flanges were 
preceded by straightening vanes. The second header was then 
connected through proper valves to the intermediate-pressure 
line. This arrangement made it possible to change the orifice 
in the commercial flange from one type of flange to another 
without disturbing the orifice in the reference flange. 

The general piping layout for the pipe-tap tests is shown in 
Fig. 3. Although Fig. 3 shows the piping arrangement for the 
4-in. line, the arrangements for 2-in. and 8-in. lines were similar 
to it. The gas was drawn from the same high-pressure line 
and dumped into the same intermediate-pressure line. . The 
same steam-type flange was used for the reference flange, and 
the commercial flange was mounted directly below it in the 
straight pipe. No manifold was used because of the much 
greater length of pipe required for the pipe taps. Instead of 
using runs of manifolded pipe for the commercial flanges, the 
runs were constructed so that they could be interchanged, thus 
making it possible to put either a steam-type or a recessed-type 
flange into the line. Fig. 4 shows the measuring station, and 
the 8-in. line for testing pipe taps. 

The static and differential pressures across the orifices were 
measured by means of manometers mounted as shown in Fig. 5. 
The static pressure was measured by means of single-leg mercury 
manometers having a pressure range of about 80 in. Hg. For 
some of the runs using pipe taps, the pressure in the intermediate- 
pressure lines was so high and the flow was so great, that the 
pressure ran higher than could be measured with these manome- 
ters and it was necessary to put temporary extensions on the 
manometers, 

The differential pressure was measured by ordinary 50-in. 
U-type water manometers. The manometers were set up inside 
a heated building—the one on the extreme left in Fig. 4—and 
the connections were made to the orifice flanges by means of 
3/-in. pipe and short lengths of */;-in. rubber tubing. Care 
was used in making all pipe joints to eliminate leaks. 

Finned-type thermometer wells were placed in the line below 
each orifice. Mercury-in-glass thermometers were inserted in 
these to measure the temperature. 

The method of taking data was as follows. Two plates with 
orifices of the same diameter were chosen and placed in the 
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steam-type flanges, the one in the reference flange and the other 
in the commercial flange. The gas was then turned into the 
line and the flow adjusted until the differential pressure on the 
reference meter was approximately 10 in. of water. After 
conditions were steady, three readings were taken of the static 
and differential pressures and the temperatures for each orifice. 
The flow was then changed to give a pressure differential of about 
25 in. of water and the readings repeated. This was repeated 
for pressure differentials of 50 in. and 80in. of water. The plates 
were then reversed, that is, the plate which had been in the 
reference flange was placed in the commercial flange and the 
same series of tests run. The plate in the commercial steam 
flange was then transferred to the recessed flange and a series 
of tests run. The plates were again reversed and this series 
repeated. This general procedure was followed with all of the 
tests using various types of flanges and various sizes of pressure- 
tap holes in the commercial flanges. 


RESULTS 


The results will be given only in graphical form. 
method of analysis was as follows: 

The data taken for each test run was first averaged and the 
calculation was made to determine the ratio 


The general 


where H = differential head, in. water; P = absolute pressure, 


Ke 


r K, 
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in. Hg; T = absolute temperature, F; ( ), refers to the reference 
meter; and ( )¢ refers to the commercial meter. 

This ratio r gives the value of the coefficient of discharge of 
the commercial plate divided by the coefficient of the reference 
plate, and indicates the effect on the coefficient of installation 
of the orifice. The results of the calculations for any one type 
of commercial flange were then plotted, the ratio r being plotted 
against the reference differential head. Since both plates were 
used in both flanges this gave eight points for each series. A 
curve was drawn through the average of these points. The 
use of the reversed plates eliminated any effect of orifice edge 
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and should have canceled out completely any difference in 
orifice construction. The effect shown was then the effect of 
the installation only. These curves for the 2-in. flange taps 
are shown in Fig. 6. 

Next, the point on each curve at a differential pressure of 
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40 in. of water was plotted against diameter ratio of the orifice 
Fig. 7 shows these curves with the 
various arrangements of the commercial flange marked on each 


for each set of conditions. 


curve. 

The curve for the steam flange with '/,in. pressure taps was 
then assumed to be the curve without anything affecting the 
coefficient except uncontrollable items; values of the ratios 
read from this curve were divided into the ratio values for the 
other conditions to determine the effect on the coefficient of 
the various conditions under study. These were plotted and 
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are shown in Fig. 8. The method used in obtaining results for tay 
the other lines was approximately the same. 81Z 
bel 
Discussion OF RESULTS be 
The results will be studied for the different line sizes and the pre 
different pressure taps separately. dia 
Effect on Flange Taps in a 2-In, Line. Reference to Fig. 8 0.5 
shows that for these tests the use of *%/y-in. pressure taps in I 
place of '/,in. taps had no effect on the coefficient of the orifice test 
until a diameter ratio of 50 per cent was reached, and that for thes 
higher ratios the coefficient of the orifice was decreased slightly, app 
the maximum effect being about 0.5 per cent at a diameter flan, 
ratio of 75 per cent. the 
The effect of the recess is rather hard to understand. It will taps 
be seen that as the diameter ratio increases the coefficient of the E} 
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per cent it has fallen to 0.75 per cent. The effect of the reces ff ‘he curve f 
would undoubtedly be to increase the coefficient of the orifit but the de 
since it would increase the turbulence directly ahead of th {Mio of 40 
orifice and so decrease the contraction of the steam. Arman that | 
parently, when the orifice ratio was large this effect was counte™ loubtedly 
acted by some other effect, possibly friction, which decreas nly, since 
the effect of the core on the orifice coefficient. However, ! the recess 
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taps are to be used with an accuracy of 0.5 per cent in this 
size line, it can be seen that the orifice diameter must be held 
below 35 per cent, and for high accuracy no cored flange should 
be used. It appears that for flange taps, the use of *°/3:-in. 
pressure taps has no effect on the coefficient of orifices with 
diameter ratios of less than 50 per cent, and the effect is only 
0.5 per cent for an orifice with a diameter ratio of 75 per cent. 

Effect on Pipe Taps in a 2-In. Line. For the pipe taps, the 
tests were only run on one cored flange. Graphical results of 
these tests are shown in Fig. 8. The shape of this curve is 
approximately the same as that for flange taps and recessed 
flanges, although the values are slightly different. However, 
the same conclusions as to the use of cored flanges with pipe 
taps can be drawn as were drawn for flange taps. 

Effect on Flange Taps in a 4-In. Line. Fig. 9 shows the effect 
of flange taps installed in a 4in. line, and also the results of some 
special tests which will be discussed later. 

It will be seen from the first curve that the use of 2°/;:-in. 
pressure taps in the place of '/;-in. taps had little effect on the 
coefficient of the orifices. The maximum difference was about 
0.2 per cent for a diameter ratio of 80 per cent. 

The use of the recessed flange caused an increase in the coeffi- 
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cient. This increase started at a diameter ratio of about 30 
per cent and amounted to about 0.5 per cent at a diameter ratio 
of 50 per cent, and rose to a maximum of about 2.4 per cent 
when the pressure-tap hole in the recessed flange was */, in. 
diameter. With */,:-in. pressure taps this maximum value 
rose to about 3.8 per cent. 

It would appear that on this size line the use of the cored 
flange had two effects. The first was to increase the turbulence 
and so increase the orifice coefficient, and second, because of 
this turbulence, to build up the upstream pressure, which would 
also increase the coefficient. This would be more apparent 
when the larger pressure taps were used, since the larger taps 
would place the edge of the hole closer to the orifice. 

It would appear from these tests that cored flanges should not 
be used in any case for orifices with a diameter ratio greater 
than 50 per cent, and for extreme accuracy the maximum usable 
tatio would be 30 per cent. 

Effect on Pipe Taps in a 4-In. Line. Referring again to Fig. 9, 
the curve for pipe taps is similar in shape to that for flange taps 
but the deviation 6f coefficient does not start until a diameter 
tatio of 40 per cent is reached, and the maximum value is less 

pf tan that for flange taps. The difference in coefficient is un- 
toubtedly caused by the difference in flow through the orifice 
nly, since the location of the taps precludes the possibility of 
the recess having any effect on pressure reading. 

Effect of Length of Recess in a 4-In. Line. Fig. 10 shows the 
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effect of changing the length of the recess. These curves, one 
for flange taps and the other for pipe taps, were obtained by 
varying the length of the recess, first on the inlet and then on 
the outlet of the orifice. While the one recess was being changed 
in length, the other side of the orifice was used with a steam-type 
flange. These curves show that the core on the outlet of the 
orifice had no effect on the coefficient for either flange or pipe 
taps. They also show that for the range tested, the length of 
the recess was the controlling factor of the effect on the coefficient, 
the longer the recess the greater being the effect. This was true 
for both flange and pipe taps, although the amount of the effect 
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was greater for flange taps than it was for pipe taps. This 
was expected from the other tests since the flange-tap holes 
were *3/y in. diameter. It is also apparent from these curves 
that a '/;in. gap between the orifice and flange has practically 
no effect, and this fact makes the construction of a satisfactory 
orifice flange simpler than it would be if it were necessary to 
have the end of the pipe flush with the face of the flange. 

Effect on Flange Taps in an 8-In. Line. Fig. 11 shows the 
results of the tests on the 8-in. line. These curves are quite 
similar to those for the 4-in. line, and again are of the expected 
shape. It will be noted that apparently there was a difference 
of about 0.1 per cent between the !/,;in. and **/,-in. pressure 
taps, and that this difference carried through the whole set for 
the orifices with lower diameter ratios. This difference may 
well be experimental error, but since it was consistent for all 
tests, it was shown on the curves. The recess on this size line 
caused no appreciable error for orifice-diameter ratios of less 
than 50 per cent, and the effect was less than 0.5 per cent for a 
diameter ratio of 60 per cent, increasing to about 2.5 per cent for 
a diameter ratio of 80 per cent. 

Effect on Pipe Taps in an 8-In. Line. The one apparent 
difference between the lower curve and the rest of the curves in 
Fig. 11, is the fact that there is a constant difference of about 
0.3 per cent between the two coefficients at low ratio. This 
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is probably due to several things. First, because of seasonal 
conditions it was impossible to get extremely high flows through 
the plates and it was necessary to extrapolate some of the curves. 
Second, the steam flange for this line was made by putting 
filler rings in recessed flanges and it was difficult if not impossible 
to get the filler rings in the same at all times, so as to make a 
smooth approach. These facts probably account for this differ- 
ence in all ratios and the shape of the curve represents the effect 
of the recess. If this is true there is no deviation of the coeffi- 
cients until a diameter ratio of 55 per cent is reached, and the 
deviation is only about 0.5 per cent for a diameter ratio of 70 
per cent. 


CoNCLUSION 


The committee, in making its report, made the following 
recommendations concerning orifice flanges. It was recom- 
mended that the orifice pipe extend through the flange so that 
there is no recess greater than 1/, in. between the orifice plate 
and the end of the pipe, as measured parallel with the axis of 
the pipe. ...If in existing installations there is a recess pre- 
ceding the orifice plate, either in the orifice flange or between 
the pipe and the plate, the length of which parallel to the axis 
of the pipe is greater than '/, in., the orifice coefficients given in 
this report may be used only if the ratio of the orifice to pipe 
diameter does not exceed 0.3 for a 2-in. line, 0.4 for a 3-in. line 
and a 4-in. line, and 0.5 for all lines greater than 4 in. 

Orifices installed according to the recommendations would 


then, from the curves shown, have a maximum error of coefficient 
of about 0.25 per cent if the maximum diameter ratio were used 
and less for smaller diameter ratios. 

A study of all of the curves will show that the general shape 
of all is the same, but that there is considerable difference in the 
detail shape of the curves after the deviation in coefficient has 
started. This is probably due to the effect of different shapes 
and sizes of recesses, and shows that it is impossible to predict 
what correction to use if a diameter ratio higher than those 
given is used. 

It is realized that this graphical method of study of the results 
may have some defects, but it was by far the simplest method 
available, and since the number of data available was very large, 
it appeared to be the only practical method. In actual com- 
parison it could be shown that there was a variation of expansion 
factor between the two orifices in addition to the variation of 
coefficient and it might be thought that this would affect the 
results. This variation was there due to the fact that the 
pressure was always less at the commercial flange than it was 
at the reference flange. However, since the comparison was not 
made between the reference orifice and the recessed orifice 
directly, but between the orifices in a steam-type flange and in a 
cored flange, using the reference orifice as a base, the expansion 
factor should be so nearly the same for similar conditions that 
it would cancel out. With these facts in mind it is felt that the 
curves shown in this paper should accurately indicate the effect 
of the various conditions studied. 
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The author reviews the development of the present 
design of carbide-fitted saws and gives some standard 
tooth angles required for various materials. Certain 
recommendations are made for the application of cemented 
carbides to woodworking knives and for the operation of 
carbide-fitted saws and knives on wood. Savings effected 
by the use of Carboloy saws are tabulated by the author. 


N THE early application of tungsten carbides to saws, it 
io natural that the inserted-tooth saw should appear 

first because of the comparative ease of brazing the carbide 
tip to the steel insert which in turn could be inserted in a hardened 
and tempered blade.? Such a saw is shown in Fig. 1. It soon 
became apparent, however, that tooth spacing closer than that 
possible with the inserted-tooth saw was necessary, particularly 
for smooth cutting and the sawing of thin bakelite and other 
abrasive materials which rapidly dull the steel saw. After 
several years of experimental work saws have been produced 
successfully in which the carbide tips are brazed directly to the 
steel blade, and in which the minimum tooth spacing is approxi- 
mately 5/,, in. These saws are now manufactured in diameters 
up to and including 16 in. Where larger diameters are required 
it is necessary to revert to the inserted-tooth saw. The solid- 
tooth carbide-fitted saw is shown in Fig. 2. 

The widespread use of carbide-fitted saws has been somewhat 
curtailed by the cost and time required for sharpening. There are, 
in general, three forms of teeth required to meet the successful 
sawing of a great variety of materials on the market today. 
These tooth forms may be classified as (1) straight front, (2) 
alternate bevel, and (3) square and advanced. 

These forms are shown in Figs. 3 to 7, inclusive. It can be seen 
that the alternate-bevel and square-and-advanced forms offer 
more difficult sharpening problems than the straight-front form. 
While the square-and-advanced form is primarily a metal- 
cutting design, the alternate-bevel form is necessary for sawing 
materials of a fibrous nature where a shear cut is essential for 
smoothness. The straight-front form is designed for sawing 
bakelite, hard woods, and other dense materials. 

When it is considered that teeth with the alternate-bevel 
form are manufactured with extreme rake or undercut angles 


1 Assistant Manager of Sales, Industrial Division, Henry Disston & 
Sons, Inc. Mr. Thompson was graduated with a B.S. degree from 
the University of Pennsylvania in 1915, and received an M.E. de- 
gree from the same University in 1929. From 1925 to 1929 he was 
plant engineer with Henry Disston & Sons, Inc., and from 1930 to 
1933 he was products engineer with the same company. He was 
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*“The Application of Tungsten Carbide to Circular Saws,” by 
C. M. Thompson, Mechanical Engineering, vol. 52, July, 1930, p. 681. 
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By C. M. THOMPSON,' PHILADELPHIA, PA. 


of 20 deg, alternately beveled faces of 30 deg, and alternately 
beveled tops of 25 deg, the acuteness of the points of the teeth 
becomes apparent. Former sharpening practice required the 
grinding of the carbide teeth followed by diamond lapping, which 
was a slow and costly procedure. Fortunately, the introduction 
of bakelite wheels impregnated with diamonds, which are now 
available in standard sizes and shapes, has materially decreased 
the sharpening time. These wheels not only cut faster than the 
grinding wheels but at the same time produce a cutting edge 
almost the equal of the diamond-lapped edge. 
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Fie. 2. Sourp-Toorn Carsipe-Firrep Saw 
It is somewhat difficult to establish standard angles for carbide 
saw teeth even for definite materials, due to the fact that the posi- 
tion of the material tobe cut relative to the saw governs theamount 
of rake angle required. For example, a saw used on a regular 
wood-saw bench for use on bakelite would require a rake angle 
of 12 or 15 deg on the teeth, whereas a saw used on a machine 
having an overhead arbor would require either a radial or zero 
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rake angle on the teeth, or teeth having a negative rake angle 
of 5 to 10 deg. In general, the tooth angles listed in Table 1 can 
be recommended. 

In order to simplify manufacturing cost and reduce sharpening 


TABLE 1 RECOMMENDED TOOTH FORMS AND TOOTH ANGLES 
FOR CUTTING DIFFERENT MATERIALS¢ 
Rake To Alternate- 
Material angle, angle, vel, 
Tooth form to be cut deg deg deg 
Bakelite 12 15 
Straight-front Hard wood 25 18-20 “ 
Hard rubber 15 15 
Cardboard 20 18 30 
Plywood 20 18 30 
Square-and-ad- 
vane Aluminum 15 15 


@ Recommended forms and angles to be used on saws mounted on a regu- 
lar saw table with arbor below the work. 
costs, the teeth of carbide-fitted saws are designed so that it is 
only necessary to apply the grinding or lapping wheel to the 
carbide tip. This is accomplished by originally grinding the 
angle of the steel back of the tip about 2 deg greater than the 
angle on the carbide, thereby eliminating the necessity for 
grinding or lapping the steel. The sharpening of carbide-fitted 
saws is a hand operation and cannot be accomplished on an 
automatic saw-sharpening machine. It is necessary to bring the 
diamond lapping wheel into contact with the carbide tip and then 
feed the wheel in a reciprocating manner across the tip. Fig. 8 
is a diagrammaticsketch of a sharpening machine which the author 
recommends for sharpening carbide-fitted saws. It is possible, 
however, to sharpen these saws on a universal tool grinder, but 
it should be kept in mind that any machine used for this work 
must be rigid and free from end play in the spindle.* 

The application of cemented carbides to woodworking knives 
is a comparatively simple one, and if certain fundamentals are 
adhered to, successful performance can be assured. Fig. 9 
illustrates the recommended practice for standard knives. It 
should be carefully noted that the included angle should not be 
less than 50 deg. For this reason carbide-fitted knives are not 
recommended for use in square heads. The carbide tip should 
be kept as thin as permissible so as to avoid too great a portion 
of unsupported tip. 

The most successful setup for tongue-and-groove cutters 


3’“‘Care and Maintenance of Carboloy-Tipped Saws,’’ by C. M. 
Thompson, Carboloy, vol. 2, May, 1930, p. 18. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Fie. 4 InserTep ALTBERNATE-BEVEL 
TooTH 


Fie. 5 Insertep Toors or SQUARE-AND- 
Apvance Form 


Fie. 7 Toora Wirs Strraicur-Front Form 


and other similar patterns can be obtained by breaking up the 
cut with individual cutters rather than by attempting to apply 
cemented-carbide tips to the generated-type cutters. In the 
first place the generated-type cutter is difficult to manufacture 
with carbide tips, and is costly. If breakage occurs due to striking 
some foreign object, such as a nail or a hard loose knot the entire 
cutter is ruined, whereas the single cutter, on the other hand, 
is easy to manufacture, is considerably cheaper, and if an ac- 
cident occurs the chances are that only one or two cutters will 
be damaged. Figs. 10 and 11 show recommended types of 
tongue-and-groove carbide-fitted cutters, while Fig. 12 shows 
the generated type of knife. 

Carbide-fitted knives should not be recommended for heads 
requiring corrugated or serrated backs for the reason that it is 
practically impossible to fit them in the heads so they will track 
at full speed; nor can they be jointed in the head as is done with 
steel knives. Plain or smooth-back carbide-fitted knives can 
be adjusted so they will track. While these knife recommenda- 
tions mean longer setup time they are based on actual experience 
and if followed will result in satisfactory and economical per- 
formance. 

The limits to the length of cemented carbide-fitted knives are 
governed by the ability to manufacture straight carbide tips 
of thin sections. So far as intricate shapes, such as molding 


TABLE 2 ECONOMIES RESULTING FROM USE OF CEMENTED 
CARBIDE SAWS 


ce Chestnut board¢ Celotex® 
Steel Carboloy Steel Carboloy 
Amount of material cut per 

sharpening, 750 200000 5000 530000 
Initial cost of saw............ $5.04 $179 $7.50 $158 
Cost of sharpening (per time).. $0. $18 $0.40 $15 
Number of sharpenings per life 

30 15 25 1 
Amount of material cut in total 

22500 3000000 125000 6360000 
Total saw cost, including sharp- a 

enings $20.04 $449 $17.50 $338 
Saw cost per 1000 ft of material $0.89 $0.149 $0.14 $0. 053 
Number of saw changes per 

1000 ft of material cut...... 1.33 0.005 0.2 0.0018 
Down time 3 min per change at 

Down time 5 min per ‘change at 

Total cost per 1000 ft of mate- . 

$0.9166 $0.1491 $0.1466 $0. 055 


@ Saving oe 1000 ft, disregarding increased production due to less dow! 


time = 
b Saving pe 1000 ft, disregarding increased production due to less do¥® 


time = $0. 
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Fig.8 Type or GRINDER RECOMMENDED FOR SHARPENING Carsipe-Firrep Saws 


knives, are concerned it has been proved that these can be 


manufactured successfully; the limiting feature being cost. 
Whether they can be justified depends to a great extent upon 
the amount of material, of a given shape, to be produced. 

With carbide-fitted knives, as with saws, the sharpening 
costs have been greatly reduced by the introduction of bake- 
lite wheels impregnated with diamonds. Hand sharpening 
of ecarbide-fitted knives should never be attempted. They 
should be held in a vise at the proper angle and sharpened on a 
universal or other tool grinder of rigid construction and free 
from loosely fitted bearings and end play in the spindle. Table 
2 shows the economies to be derived from the use of cemented- 
carbide saws. 

Some of the materials for which cemented-carbide saws and 
knives are recommended are: Asbestos pipe covering; bakelite, 
micarta, and textolite; chestnut board; corrugated container 
tock; celotex; enameled picture-frame stock; fiber; fireproof 
Wood; linoleum; linoleum-covered plywood; masonite; molded 
brake lining; plywood and glued stock; and oriental walnut. 
Broader use of cemented carbide-fitted saws and knives is in- 
‘easing yearly as new synthetic materials and wood substitutes 
ofan abrasive nature are introduced, and the users of these 
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(Dimension A cannot be less than 6 in.; B cannot be more than 5in.; C can- 
not be less than */:s in.; and D should not be less than 50 deg. Carboloy- 

fitted knives are usually made as follows: 
Up to 2 in. long.............. Wein. thick with Carboloy */3: X 1/4 in. 
Over 2 in. long, including 31/2: in. 1/4 in. thick with Carboloy ie xX I, in, 
Over 31/3 in. long, including 51/: in, in. thick with Carboloy X in. 
Over 51/2 in. long, including 6 in. 3/3 in. thick with Carboloy */1s X 5/16 in.) 
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tools become more familiar with their use, care, and maintenance. 


CEMENTED CARBIDE Saws FOR WOODWORKING 


The application of cemented carbide-fitted saws and knives 
to ordinary woodworking has been somewhat retarded by the 
high initial cost and the lack of proper sharpening equipment, 
as well as by the inability of toolroom labor to learn the procedure. 
Where woods of an abrasive nature have had to be worked, or 
where glued stock was a large percentage of the production, some 
very interesting and cost-reducing applications have been made. 

Little progress has been made in the application of carbide- 
fitted saws to straight-line rip machines for two very pertinent 
reasons. First, the saw must be of the inserted-tooth type with 
a hardened and tempered blade to withstand the strains to which 
the blade is subjected by the passage of warped lumber in the 
mechanical feed. Second, practically all straight-line ripping 
is for glued joints, and the cut obtained from the inserted-tooth 
saw is not sufficiently smooth for this purpose. 

Carbide-fitted saws also are not suitable for edging veneers, 
because it is not possible to have the tooth spacing close enough, 
with the result that the cross-grain cut is usually poor, often 


breaking out the grain from 0.25 to 0.5 in. from the cut. 
One of the most successful applications of carbide-fitted saws 


Currers 


Sux-Knure Heap ror Worktno 2-IN. 
AND 3-IN,. FLOORING 


Fig. 12 


is for sizing plywood linoleum-covered table tops. On this 
application these saws are known to produce as much as 13,000 
linear ft of material before requiring sharpening. 

In the application of cemented carbide-fitted knives, par 
ticularly for molding (which is of glued stock probably having 
oriental walnut veneer), it is not necessary to have the entire 
intricate shape of the knife faced with the carbide. This is 
particularly true where there is not sufficient production 
justify the initial cost. All that is necessary is to apply the 
carbide to a small knife or bit in the head which will take the 
glue line and the oriental veneer, and use high-speed-steel knives 
whieh are easily formed to shape for the balance of the molding 
form. Such asetup may well be applied to radio-cabinet produc 
tion. The same carbide bit or knife may be used with a combin 
tion of form knives whenever it is necessary to change the patter. 

The author believes that many production shops overlook the 
possibility that increased production through less down time for 
sharpening and knife changes can be obtained by applying 
cemented carbide to the knife where it is required rather tha® 
attempting to apply the carbide to the entire form of the cub 
which in most cases results in a very costly tool and, therefor 
cannot be justified. Broader and correct use of cemented 
carbides in the woodworking industries will undoubtedly result ® 
lower production costs and greater profits. 


A 


no 
gra 
the 
it sl 
enc 
may) 

lish 
nolo 
this 
sible 


(2) sp 
not be 
order | 
to defi 
Of t 
definit: 
definec 
of the | 
to the 
sidered 
Sensi 
confuse 
whie 
degree; 
unit che 
of these 
with res 
wy. Its 
clearer 
but it is y 
Aside 
the write 


referriy 


Seger 
& 
‘ 
at 
peed 
Se: 
Publis! 


bina 
ert. 
k the 
for 
Lying 
than 
» cul, 
efor, 
ented 
bult 


Discussion 


Automatic Regulators, Their Theory 
and Application’ 


J.B. McManon.? Automatic control at the present. time is by 
no means a science but is in that indeterminate state where it is 
gradually changing over from an art to a science, The state of 
the art at the present time is such that any general approach to 
it should be such that it will very carefully include the experi- 
ences and opinions of all of the groups which are interested or 
may be affected; otherwise some of these groups may find them- 
selves later on forced to engage in a vigorous struggle to estab- 
lish the validity of their own experiences, viewpoints, and termi- 
nology. On that account the writer believes that a paper such as 
this should be representative of as wide an experience as pos- 
sible and should be collective rather than individuai. 

There is at present no general agreement in terminology in 
the broad field of automatic control and no generally accepted 
definition of the desirable qualities of automatic regulators, 
The author attempts to fill this gap. 

Mitereff’s recent paper* covered the theoretical analyses of 
types of automatic controllers quite adequately, although he 
betrayed his unfamiliarity with the practical accomplishments 
in recent years in this field, 

In the present paper, the author lists what he considers the 
four desirable qualities of an automatic controller, as (1) power, 
(2) speed, (3) sensitivity, and (4) stability. This order may 
not be the author's order, but he rates them all equally, so that the 
order of their listing is not relevant. The author also attempts 
to define each of these. 

Of these desirable qualities, speed and power are very easy of 
definition. Stability is not so easy to define and is not clearly 
defined by the author. Stability is a combination of qualities 
of the controlling device which must be considered with respect 
to the control problem under consideration. It cannot be con- 
sidered as a separate entity. 

Sensitivity is capable of two definitions which are frequently 
confused. It may be defined as the smallest quantity of change 
fo which the device in question is capable of responding in any 
degree; or it may be defined as the unit change of response per 
unit change of effect being measured. The author uses the first 
of these definitions but the second one is in very common use 
with respect to a control quality in a very large section of indus- 
try. Its use in this respect is not any too clearly defined and a 
clearer definition of its use in this respect is probably in order, 
but it is used in this manner and should not be disregarded. 

Aside from this lack of clarity of definition by the author, 
the writer would like to point out that, except in specific in- 
tances, only one of these qualities listed by the author is neces- 
ary, This is power. 

Speed is unnecessary in a large percentage of automatic- 
‘ntrol installations. It should be remembered that the writer 
* referring to the broad general field of automatic control. 


‘Published as paper PRO-58-4, by Ed S. Smith, Jr., in the May, 
1936, issue of the A.S.M.E. Transactions. 

*Manager, Controller Division, The Foxboro Company, Foxboro, 
Mass. Mem. A.S.M.E. 
me “Principles Underlying the Rational Control of Automatic- 
Antrol Regulators,’’ by S. D. Mitereff, Trans. A.S.M.E., vol. 57, 
May, 1935, paper FSP-57-9, p. 159. 


The rate of change of the regulating device (valve, rheostat, 
motor, damper) is not important on a great many temperature- 
control jobs, 

Stability, if considered from the standpoint of the operation 
of the controlling device itself, is not only unnecessary on a 
great many installations, but can very definitely be detrimental 
to successful results. To achieve successful control on many 
jobs and maintain the controlled effect constant, a fundamental 
instability must be built into the controller itself. Again, many 
temperature-control installations fall within this classification. 
In all probability more temperature controllers are sold that are 
fundamentally unstable than otherwise. 

Sensitivity, considered from either of its definitions or both, 
is again a quality that must be considered with respect to the 
specific application under consideration. Many liquid-level 
controllers are made purposely insensitive from the first stand- 
point, having a ‘dead spot’? purposely built into them and the 
increasing use of averaging-type level controllers testifies to the 
desirability of controllers which are intentionally built to be 
definitely insensitive from the second standpoint. 

Therefore, it seems to the writer that instead of clarifying the 
subject of automatic control and its terminology, this paper! 
still further obscures it. A paper which was the result of group 
rather than individual effort would undoubtedly have cleared up 
some of the foregoing points. Also, the writer would like to 
reiterate that the technical handling of this subject within the 
next few years is going to be either very helpful or very harmful, 
according to the manner in which it is handled and every pre- 
caution should be taken by students of the subject to assure 
thorough representation of all points of view. 


G. W. Smiru.* A well-balanced criticism of the author’s 
paper, citing those points on which agreement should be universal, 
those which are debatable and those which are clearly wrong, 
would be a considerable undertaking, far exceeding the time or 
space available for this discussion. Suffice it to say that there 
are 304 sentences in this paper, representing all three categories. 

As to the first category, which in importance and general 
interest probably outweighs the rest; the author has done well 
to bring to the attention of his audience the fact that precise 
analysis is not only desirable but necessary for the successful 
application of automatic control; that behind appearance, size, 
popularity, and price of regulators lie factors of more basic 
importance, and that combined efforts of manufacturers and 
users to help each other see their problems alike would be ad- 
vantageous. The writer thinks that greater progress must be 
made before a committee can successfully standardize industrial 
regulators according to the author’s or any other classification, 
but nevertheless would be glad to see such a joint effort made if 
discussion appears to make it worth while. 

The place to begin, however, is not with what the author calls 
the controller, or, which is worse, with the metering element, but 
rather with the problem to be solved. The author neglects all 
but two types of simple control, which he characterizes as having 
“process lag’”’ and not having it. In actuality there is a much 
more important basis for classification, viz., the presence or 
absence of “self-regulation,” to which the writer will refer again. 


«General Manager, Hagan Corporation, Pittsburgh, Pa. Mem. 
A.S.M.E. 
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Secondarily we have control problems in which (1) there is no 
lag between throttle movement and final effect thereof; (2) the 
final effect is delayed as in the author’s Figs. 6 to 12, inclusive, but 
the first derivative of the effect is without lag; (3) the effect and 
its first derivatives lag, but higher derivatives do not, as discussed 
in Mitereff’s paper;* and (4), there isa definite lag between move- 
ment of throttle and any palpable response whatever. The 
latter is common in temperature regulation. A lot has been 
published, publicly and privately, in this country about the 
metering end of automatic control, but when it comes to the 
matter of time lag, and excepting Mitereff’s paper,’ there seems 
to have been much thinking and but little thought. 

From sentence 23 to sentence 301, inclusive, of the paper, 
there is much with which to agree, but also much with which to 
differ. Exception must be taken to the author’s concluding 
remarks, from which it can be inferred, perhaps unintentionally, 
that maintenance and operating costs of air-operated controllers 
exceed those of hydraulic and electrically operated equipment. 
The contrary is true as to maintenance costs and, with one ex- 
ception, as to operating costs as well. This of course, is es- 
pecially true of combustion control. 

The writer next observes that the author indicates no acquaint- 
ance with a work which has consistently been treated with a 
neglect that is exceeded only by its worth. Reference is made to 
Stein’s “Regelung und Ausgleich in Dampfanlagen’’® which, 
published in 1926 and followed in 1928 by the enunciation of the 
law of self-regulation,* has advanced the literature even beyond 
the state of the art. The writer is unable to comprehend why 
Messrs. Behar and Mitereff and now the author have missed or 
at least failed to mention this work. While ingenuity can often 
be displayed in devising regulators which will recognize rates of 
change, their complete equations of motion can only be derived 
by using the principles set forth by Stein. 

Our American literature on control equipment suffers frem 
what might be called “instrumentitis.” Too many people have 
tried to solve control problems by adding a motor to a meter, 
and when trouble resulted, have tried to escape it by devising 
more and more complicated metering elements. Lame and 
halting regulator performance can seldom be corrected by com- 
plicating the pressure-sensitive element. 

The author’s discussion of “stability” represents an impossible 
oversimplification. His Fig. 2 may correctly represent the 
behavior of a meter having some inertia, if it be remembered 
that the second derivatives are discontinuous, or even that of a 
governor where inertia effects are great and self-regulation 
usually quite large; it does not follow that in general the hunting 
of a relay-type pressure regulator can be reduced by adding static 
friction either to the meter or to the controller. The direct con- 
trary is in fact true as can be demonstrated theoretically with 
great labor, but without any difficulty experimentally. 

Directly in this connection, and because of its bearing on “‘in- 
sensitivity,’ the writer must point out that the expression z = 
—ky which the author uses frequently, cannot be correct unless 
the rate of outflow varies with the pressure (“‘self-regulation’’), 
which is contrary to his assumptions. To see this clearly we 
need only replace his water jet by a reciprocating pump, or well- 
governed prime mover, whereupon the regulator shown in Fig. 3 
of the paper will be unstable despite the zero storage lag and will 
require a spring inside the dashpot to make it theoretically stable. 
The correct expression is dx/dt = —(1/k) (y — yo) where yo 
is the valve opening at equilibrium; & is small for zero process 


§**Regelung und Ausgleich in Dampfanlagen,” by Th. Stein, Julius 
Springer, Berlin, 1926. 
*“Selbstreglung, ein neues Gesetz der Regeltechnik,” by Th. 
rw Ae V.DJ., vol. 72, January-June, 1928, pp. 165-171, and 
214. 
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lag and great for large process lag. The author’s discussion of 
Fig. 3 misses the point; the equation he obtains and on which he 
bases his subsequent argument owes its decaying solution not to a 
small process lag but to the exaggerated self-regulation implied by 
= —ky. 

A proper criterion of the dead zone within which a regulator 
will come to rest is quite complex and must contain terms which 
recognize self-regulation, Putting more lap into pilot valves will 
not stop hunting unless there is a high degree of self-regulation, 
and then only if the metering element have some source of 
gradient or spring force. Lap, friction, and constant-speed 
motor operation are much alike when considered dynamically. 

The author’s tentative classification of regulators possesses the 
merits of novelty and simplicity; the writer believes it would 
provide a sound basis for expansion. He is, however, at a loss to 
account for the operation of Class XII regulator. He can only 
assume that the figure is incorrectly drawn. 

On the basis of the author’s simplifying assumptions, the 
performance of his Class VI regulator is identical with that of 
his Fig. 3 and Class IV regulator, provided that, as is always 
the case with the simple fluid-relay regulators shown, the pilot 
valve opens gradually. If one sets up the equations they will 
be found to have corresponding terms and to differ only in con- 
stants and not in order; the dashpot and the spring are dynamic 
equivalents. If the author intended Classes III and IV to typify 
electrically operated regulators, it would have been better so to 
show them. If, on the other hand, the pilot valve does open 
abruptly, Class IV is identical with Class ITI, unless there is lap. 

There is some confusion in the description of the Class III 
regulator. It appears that the author has integrated when he 
should have differentiated. In his description he states that 
dy/dt = +k, but the curves show that dy/dt # +k but rather 
dy/dt = f(t). 

This confusion becomes more evident in his description of 
Classes VI and VII. We present below the complete equation for 
a Class VII regulator; here we point out only that Class VI is 
inherently unstable with any finite storage lag, whether the 
variations in outflow are slow or fast. Changes in outflow rate 
brought about by external agencies lead to particular solutions of 
the equations; if the general solution describes an unstable 
motion, the regulator will not even be transiently stable. 

The writer presents the author’s Equation [44] as 


d*y 


d 
+ (K +) 4 + ky = 0 (K is spring constant) 
which is true only if 2 = —ky, which, in turn, is impossible in 
the figure shown. 


When we admit the storage lag, we must set - = —K'y 


and 

at’ 
There is no term in dx/dt and the equation demonstrates that 
the pressure variations increase with time. 

Yet such regulators may be stable. Their stability is not 
derived from the insensitivity, which the author credits with this 
ability, but from factors ignored in his treatment. One such 
source from which stability may be derived is the variation i 
output rate which accompanies variation in pressure; an effect 
which the author explicitly rules out in his Equation (25] and 
consistently neglects throughout his paper. This variation 
supplies the missing term in dz/dt. Thus 


d? 
b + +Ky=0 (1) 
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DISCUSSION 


where we follow the author’s convention of neglecting certain 
constants. This leads to 


d*x , ae 
b=, + OK +k+oK q = 0..(2] 


Stable regulation is possible when 
bK"? (c + k) + K" (c+ k)?— K’b>0...... [3] 


This is a very important relationship, and displays the advan- 
tage of decreasing the value of K’, or the ratio of increment of 
input to movement of control valve, to the minimum consistent 
with the conditions of the problem. 

Of course numerical evaluation of this criterion of stability 
would be meaningless due to the simplifying assumptions; pre- 
cise results are most easily obtained by the use of Stodola’s time 
constants. 

Regulators of author’s Class VII may not be stable in opera- 
tion even though constructed of parts without mass, having no 
metering lag except that due to simple damping, and doing no 
work except on the dashpot. To see this qualitatively we need 
only imagine the reset spring as of infinite stiffness. In this 
case Class VII becomes equivalent to Class VI which is inher- 
ently unstable regardless of process lag so long as there is no 
self-regulation. Therefore, the spring stiffness must not exceed a 
certain finite value. On the other hand, with a reset spring of 
zero stiffness Class VII becomes equivalent to Class IV which is 
likewise unstable. Therefore, the spring stiffness must lie 
within certain extreme values. 

Assuming a spring of optimum stiffness, it is obvious that a 
dashpot with zero damping will still give us a Class IV regulator 
which will be unstable. A dashpot with infinite damping pro- 
duces a variant of Class V, which is, from the standpoint of 
stability, the most satisfactory of all simple regulators. 

Clearly, for best results, the damping and stiffness must be 
selected from a range of possible values, 

These somewhat vague ideas, which like the author’s presenta- 
tion of Class VII are purely qualitative, may be made exact. 
It will, the writer believes, be worth while to derive the equations 
of motion of regulators of this class, using time-constants where 
expedient, and examining more closely than does the author 
the validity of the assumptions. The author’s symbols will be 
used where possible. 

A start is best made with the equipment to be controlled. 
We replace the author’s outlet jet with a reciprocating pump in 
order to eliminate the self-regulation of varying discharge. Then, 
letting Y = opening of inlet valve measured positively from the 
closed position; Y, = opening of inlet valve necessary for 
equilibrium at any outflow, Ymax = 1 = maximum opening 

necessary for equilibrium with maximum outflow, X = abso- 
lute pressure in feet of water, and X, = set value, we have 


dX 1 1 


dt 
or 
dz 1 
there y = and 


It will be convenient to say that X, = 1, and to measure pres- 
ures in terms of this unit, rather than in feet of water. With 
this convention 

[4] 
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and K is the time required to change the pressure by unity (X, 
feet of water) when AY = Ymax = 1. We will call K the 
“storage time” and designate it by 7, where 7, is the quantita- 
tive measure of process lag in this simple type of regulation. 

We next assume that our regulator and valve are such that 
Ymax is the full stroke. If, as is often the case, the valve is too 
large and the regulator is connected to open it fully, all constants 
must be corrected accordingly, and stability is proportionately 
more difficult to attain. 

The motion z of the controller will be measured from mid posi- 
tion and in such units that when z = +1, the pilot-valve ports 
will just be fully open, the plus sign being taken for upward 
movement. Then 


is the motion of the controller. Unless the controller be suf- 
ficiently powerful, not only to position the valve accurately, but 
also to move the valve with a speed proportional to the pilot- 
valve opening, the order of our differential equations will be 
raised by at least one and more usually by two, and new possibili- 
ties of hunting arise. Most regulators are deficient in power in 
this respect. 

The term K here is 7’, or controller time, that is, the time re- 
quired for the controller to move a full stroke (Ymax) with the 
pilot valve fully open (z = 1). 

Combining Equations [4] and [5] of this discussion 


dt 
Designating by F, the tension in the reset spring and equating 
forces on the pilot valve, we get 


from which the constant terms representing forces due to X, 
have been canceled. We replace 6b by T,,, the metering time, 
the definition of which will almost be obvious. In numerical 
calculations k; must be expressed in units of pressure (X, = 1) 
required to compress the spring the distance necessary to open 
the pilot valve. Combining Equations [6] and [7] 


d*z 
+k,T,T. +2—F=0......... {8] 


To determine F, let w be the position of the dashpot piston (w 
positive upward) measured from its equilibrium position with 
z=0. Then 


is one expression for the spring tension, which we will substitute 
in Equation [8]. Hence 


3 d*z 
+ (hi + he) + 2 + kyo = 0...[10} 


Another expression for F is 


d(w — cy) 
dt 


constant ¢ being introduced because of the different units in 
which w and y are expressed. This gives 


F=K 
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Fig. 1 Moptrrep Crass VII Prrot-Governep REGULATOR WITH A 
Fo.ttow-Up, AND A SMALL PERMANENT GRADIENT, BUT A LARGER 
TEMPORARY GRADIENT 


Fie. 2 Mopirrep Crass VII WuHicH THE GRADIENT 
Is DisstpaATED AT A RaTE INVERSELY PROPORTIONAL TO T, 


where the time constants represent the times necessary for unity 
movement of the dashpot piston or cup while maintaining a force 
balancing X,. Since T,, = c7'z,, from the writer’s Equations 
{9} and [11], and by substitution from the writer’s Equations 
{4] and [5] 

T (keT, — Ty) + kw =0....... {12] 
Equations [10] and [12] are simultaneous equations, which 
may be reduced to the single equation 


d‘ 
dx 
[+ | + + ket = 0... [13] 


The condition that the solution has no positive exponential 


factor is 
To 
—kT, (: + > 0.. [14] 
Tas 


a 1 0 .[l4a 


The prime factor in determining stability is, in the final analy- 
sis, the apparently unimportant ratio between travel of dashpot 
cup and travel of dashpot piston. In the extreme case, where the 
cup is stationary and there is no self-regulation, the regulator 
can never be stable. This is not the same as writer’s Fig. 1. 
The writer suggests that the author test this equation by ampli- 
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fying the movement of the cup in a Class VII regulator. Equa- 
tions such as these will yield much information of value in design 
and application. 

Class VII regulators in various forms have demonstrated 
their usefulness over a period of several years. Two modified 
forms are shown in Figs. 1 and 2 of this discussion. Of these, 
Fig. 1 is in many respects an improvement; in common with 
Class VII and notwithstanding the author’s disclaimer, such 
regulators possess the ability to overswing the control point 
and return gradually without hunting. This ability is lacking 
in the regulator shown in Fig. 2 of this discussion, but in many 
applications it is the full equivalent of Class VIT. 


Joun J. Grese.’ Those familiar with the control problems in 
industry have met the endless confusion of terms and explana- 
tions that accompany the discussions of what various instru- 
ments do and how they do it. 

All the work of control instruments is presented as more or 
less of a mystery. Each manufacturer uses a different terminol- 
ogy, and often deliberately chooses different phrases to avoid the 
appearance that a given control effect might be similar to that of 
another manufacturer. As a result, when any one talks with a 
person versed in the art of automatic control it is necessary to 
use three or four synonyms with each specialized word in the hope 
that one of them will be understood. This was necessary in a 
paper® presented to the American Institute of Chemical Engi- 
neers in 1933, and reedited by T. R. Olive,’ and found even more 
necessary in the oral discussion of the paper, which ended with a 
plea for some sort of standardization of terminology that might 
possibly become a basis for a better understanding. 

Anyone who realizes what the proper continuous automatic 
control can do for industry, will never be satisfied with any- 
thing less than a thorough understanding and application of 
this phase of engineering. 

H. H. Dow in his Perkins Medal address'® made a very clear 
statement of this picture. He was an early pioneer in the de- 
velopment of automatic-control apparatus, and was a great 
inspiration to the application of this work to processes and ap- 
paratus at The Dow Chemical Company. 

The writer believes that there is no one individual item of 
standardization or correlation in which the A.S.M.E. can be- 
come more useful and valuable than in this particular develop- 
ment. It applies to every engineering project dealt with in our 
publications and papers, practically all engineering improve- 
ments and developments being based on better and more versa- 
tile control. A great deal toward unification has been accom- 
plished by M. F. Béhar,'' H. L. Young and T. R. Olive’? and by 
the author of the paper under discussion. 

The explicit and complete information given by the author 
on each of the various classes of regulators makes it possible 
to get a much better picture of the working principles of the 
types of control with which we have not been familiar. It is easy 


7 Director of Physical Research Laboratory, The Dow Chemical 
Company, Midland, Mich. Mem. A.8.M.E. 

8 “The Control of Chemical Processes,” by J. J. Grebe, R. H. 
Boundy, and R. W. Cermak, Trans. American Institute of Chemical 
Engineers, vol. 29, June, 1933, pp. 211-256. 

* “Coordinated Effort Solves Dow's Control Problems,” by T. R. 
Olive, Chemical and Metallurgical Engineering, vol. 40, October, 1933, 
pp. 520-525. 

10 Economic Trend in the Chemical Industry,” by H. H. Dow, 
Industrial and Engineering Chemistry, vol. 22, February, 1930, pp. 
113-116. 

11 “Fundamentals of Instrumentation,” by M. F. Béhar, Instru- 
ments Publishing Company, Pittsburgh, Pa., 1932. 

12 “Chemical Engineer's Handbook,” McGraw-Hill Book Com- 
pany, New York, N. Y., 1934. See Section 17 on ‘‘Measurement and 
. Control of Process V: ariables,” p. 1641. 
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now to correlate the various classes in terms of what they do 
rather than in terms of the way they do it, with all the experi- 
ence we have had on our own control equipment, built to meet 
extreme requirements. 

The writer believes that all control effects can be classified 
under the four basic principles listed as the headings of Table 1. 

Melered Control. First is the metered control, that is, the 
integrating, ratio, or proportioning control, all of which are 
terms that are used to represent the methods by which various 
apparatus work in which the flow of the controlled quantity is 
caused to be regulated by the quantity of the material passed 
through, independent of the end result. This quantity may be 
variable, so that, as the primary flow changes the secondary flow 
must be related or proportioned. This is generally used in com- 
bustion work. 

Deviation Control. The second main subdivision in the meth- 
ods of control is the deviation control, also called proportional 
control, or as by the author, modulating, noncorresponding, or 
floating control. The deviation control, however, can be very 
crude and often amounts to nothing more or less than an open- 
and-shut control which operates the valve fully open and fully 
closed, and sometimes improved by the use of a by-pass or the 
like to take away the severity of the changes. 

The next improvement in deviation control is to have it 
opening and closing as the meter calls for more or less, generally 
at a fixed rate of opening and closing, or an on-and-off control, 
or a valve-moving mechanism, such as a hydraulic relay or motor- 
operated valve. 

The final improvement in deviation control that makes it a 
good proportional, modulating or noncorresponding control, 
is one in which the rate of action of the valve closing or opening 
it is proportional to the deviation, and which always comes to 
rest at the very same meter point (point control, one type of 
floating regulator, algebraic difference). 

Many control devices, because of the particular apparatus used, 
have a drooping characteristic similar to the drooping of the 
voltages of d-c generators, which the author calls corresponding 
control. This is a serious criticism of many control apparatus, 
since that particular property is not desired, except under special 
conditions where control units are operated in parallel. 

This is counteracted very often by what some people call the 
reset or follow-up with dashpot. This compensation can be 
taken care of either in the meter or in the responsive instrument 
itself, or in combination with the control motor, such as shown 
in the author’s paper where the dashpot accomplishes this work. 

Storage-Lag Pacer Control. The third method of control is 
tate, anticipatory, or storage-lag pacer, or process, or capacity, 
or inventory-lag compensator. This control effect is generally 
added to deviation control or the combination with metered and 
deviation control, in order to increase the speed of correction 
when the indicator is going away from the right value at a rapid 
tate and to anticipate overshooting when the indicator is ap- 
proaching the right value at a rapid rate. 

This control effect is proportional to the rate of change of the 
indication, and is typified by Class VII, which incorporates a 

very high type of deviation control, which is accurately propor- 
tioned to the deviation without drooping characteristics because 
of the dashpot; it is very satisfactory because of the storage-lag 
pacer. This combination can be made to work on practically 
any control job, especially if the storage-lag pacer is emphasized 
sufficiently so that the rate of correction is very high when the 
deviation is first detected and then tapers off rapidly to the cor- 
tect valve setting over a period of time roughly proportional 
‘o the inventory (capacity, storage) lag. 
_ This storage-lag pacer also runs through a whole range of re- 
‘ements, sometimes being as crude as in the case of tempera- 


ture control in which by artificial means the effective tempera- 
ture around the control unit is increased by various methods, 
so that the temperature control will anticipate by building up 
heat in the system before it finally reaches the sensitive element 
and shuts off the flow of heat to prevent overshooting. 

An improved type is shown by the author in his Classes X and 
XI, where the control point is varied over a period of time pro- 
portional to the capacity or storage lag of the system. But the 
best type is where the sensitive element is located so as to get the 
effect of the change produced as soon as possible and then actuates 
the control, not only according to the actual position the indica- 
tor has reached, but also according to the rate of change. Gener- 
ally it is very cumbersome and involves considerable amount 
of mechanical equipment to have the storage-lag pacer affected 
by the motion of the final control actuator as in the case of the 
illustrations given in the paper; but, of course, it can be done that 
way. 

Time-Lag Compensator Control. The fourth and final control 
method is the time-lag compensator (response-lag-pacer method, 
transfer, indication, correction, velocity distance, lag compensa- 
tor) which the writer has called damping control. In order to 
have this free of the disadvantages pointed out by Mr. Smith in 
his discussion of Class XII regulators, it should also have in it the 
ability to delay its action for a time proportional to the amount 
of the lag. 

The writer believes that the only error to be found in the paper 
is in connection with the discussion on the Class XII regulator, 
(pilot-governed, phase-shift with reversal at control point). 
The description is that of a storage-lag pacer or rate control in 
which the rate of change of setting of the valve is determined by a 
storage-lag pacer control built into the sensitive element or 
meter, rather than in combination with the control members or 
actuators. The illustration given does not agree with the de- 
scription; first, because it works backward the way it is shown, 
and second, because it shows a direct-operated valve where the 
position of the valve is directly determined by the position of the 
meter, rather than the rate of change of the valve setting being 
determined by the position of the meter. 

If, in the diagram below Fig. 17 of the paper, the dotted line 
represents the rate at which the correction is taking place, and 
the solid line represents the rate of flow or the opening of the 
valve, as in all the other cases, or y of all the other curves, then 
it is a storage-lag pacer. On the other hand, if one rebuilds the 
unit as shown in Fig. 3 of this discussion so that the dotted line 
of the author’s Fig. 17 represents the position of the valve or y, 
then the control effect might be called the delayed-action damp- 
ing control previously described by the writer,® if it is independ- 
ent of the rate of change, but proportionate to the second de- 
rivative of X, and effective only for a period of time measured by 
the straight time lag. 

This method of control also has a whole range of gradations of 
refinements. The crudest form is called the “kicker” in which an 
arbitrary overshot is passed momentarily to make up for part of 
the undercompensated flow that has passed the valve between 
the time the change occurred and the time that the detector and 
controller finally do something about it. 

In order to make the response-lag compensator satisfactory, 
and to avoid extreme variations in flow as well as to make its 
effect proportional to the amount of the lag, and proportional to 
the deviation, it is necessary to build into it a means for delaying 
its action. The overbalanced flow then compensates for the 
amount of uncorrected flow having passed through for anaccurately 
proportioned period of time. - It makes the difference between 
the diagram as shown in the interpretation® of our paper® by 
T. R. Olive and the effect of the “kicker.” It also makes it pos- 
sible to get the benefit of cyclical operation or intermittently 
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TABLE 1 GRADATION CHART OF THE FOUR BASIC CONSTITUENTS OF CONTROL? 
I II 
Metered Deviation 
Ratio Proportional 
Proportioning Noncorresponding 
Integrating Floating 
Modulating 
100 Metered flow prop. to rate Proportional 
All that is available of change + rate of flow Noncorresponding 
A + state of inventory Dashpot 
Point control 
Algebraic difference 
60 Metered flow prop. to de- Corresponding 
Elemental form of mand or flow rate + Band control 
the effect state of inventory tapered, fixed, drooping 
E characteristics 
30 Metered flow prop. to state Opening-closing 
Imperfect of inventory, e.g., steam On-off 
Inaccurately propor- pressure High-low 
tioned Open-shut 
0 
0 Omitted Not incorporated in control system. 


U Unsatisfactory 
cause of negative 
effect 

—30 Inaccurate 


@ Also called control effects, methods, types, principles, factors, elements. 
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TABLE METHODS OF ACTUATING AND DEGREE OF THE 
FOUR CONTROL EFFECTS LISTED IN TABLE 1 


Class of 

regulator Factor J Factor IT Factor III Factor IV 

I 0 dA adE-dEU 0 

II 0 dE dE-dEU 0 

Ill 0 iplA 0 0 

IV 0 iplE 0 0 

Vv 0 iplE pl 0 

VI 0 iplA 0 

Vil 0 iplA pa 0 

VIII Ex iA 0 

Ix 0 iplE 0 0 

xe 0 drA jerky pE 0 

Xb 0 irA 0 0 

xI¢ 0 drA jerky pl 0 

XIb 0 irA 0 0 

XII¢ 0 dE dE aI 

XII¢ 0 iplA iplA 0 

Olive® E wrA irA 


@ Snap valve. 
b Slow valve. 
¢ As described by the author. 
4 As described by the writer and illustrated by Fig. 3 of this discussion. 
direct-acting, either self-actuated or power-amplifying 
integrating or accumulative action 
pilot 

as—air 
uid—oil 

ay—motor 

= electromagnetic—selsyn 

See footnote 9. 
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operated control, and yet have the apparatus at the same time 
able to respond to any new changes that come about during the 
period otherwise ineffective. 

A simple way of determining the difference between the stor- 
age-lag pacer and the time-lag compensator, is to realize that the 
first is primarily sensitive to the rate of change. It can antici- 
pate overshooting, shifts the phase and is capable of changing 
the control point so as to anticipate the condition that will come 
about when the changes that have been made will have had time 
to affect the inventory of the system. The straight time-lag 
compensator acts to give an overcorrection for a period of time 
proportional to the time lag and regardless of the amount of in- 
ventory or storage lag. Depending on conditions it frequently 
actually calls for less and reduces the valve opening to a smaller 
flow after having passed a compensating slug while the indica- 
tion or meter still is on its outward excursion and calling for 
increasing quantities. 

We have had controls where, under actual working conditions, 
in order to get the best results it was necessary for the control 
to open up a valve due to rate control, while the reading was still 
on the other side but approaching the control point rapidly, and 
while the deviation or proportional control was calling for less. 
Then while the latter plus the storage-lag pacer was calling for 
more, the time-lag compensator actually overpowered both of 


Many control apparatus are too abrupt or too slow, i.e., air-operated units often have so much instrument capacity lag and 
time lag that some of their good points are lost by b 
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Gradual Late 
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{This regulator, revised from the author's Fig. 17 now becomes another 
mechanical form of Class VII control.] 


these control effects and called for less, so that by the end of the 
excursion away from the right value, and while calling for more 
according to the deflection, all of the regulating had been done and 
the various control effects neutralized one another so that on the 
way back to the control point practically no action was being 
taken. Then after some time, when the effect of all this got to 
the sensitive element the reading was very close to right. 

With the help of this paper' by Mr. Smith it has been much 
easier to prepare Table 1 of this discussion which shows the four 
control effects, their various stages of perfection and interde- 
pendence, and the combinations and permutations of these 
various effects that are possible in any one control unit. Then 
if we remember that any one control unit of a whole system, in 
itself often requires compensation for its own storage or time 
lag, or both, it is very easy to see that the number of combina- 
tions is infinite. Obviously, any of these control effects can be 
carried out either by direct action, by pilot valves, relays, elec- 
tromagnetic units, photoelectric devices, etc. 

For simplicity in correlating these points, each of the various 
classes of controllers shown by Mr. Smith, plus the one shown 
in Fig. 3 of this discussion, is listed in Table 2 of this discussion 
with the various control effects that enter into each operation and 
roughly the degree of perfection of each of these. 

To illustrate the development of Tables 1 and 2 of this dis- 
cussion let us analyze the Class VII regulator. 


ho 

Fa 

sible 
This 
Tt 
Th 
ne 

8 

we 


on 
nd 


DISCUSSION 131 


Factor I. Metered control, is not shown in Fig. 12 of the 
paper. It does not refer to any proportioning or metering device 
used to keep the flow through the valve proportional to the de- 
mand independent of the level of the reservoir. This function 
can be added when desired. It rates zero for the control factor 
that is omitted. 

Factor II. Deviation control is embodied in the highest 
and best type. Each change in level calls for a change in the 
setting of a pilot valve proportional to the amount of deviation 
regardless of the total demand, the level reading remains the 
same. There is no throttling range or drooping characteristic. 
It controls to a point, and is rated A under JJ. The action of the 
pilot valve is accumulative or integrating. The change in the 
position of the pilot or the sensitive element does not cause a 
direct and corresponding change in the control valve, but in- 
stead determines the amount of fluid that will accumulate back 
of the piston to move the valve to its new position. It uses a 
noncompressible fluid for quick, accurate, and continuous trans- 
mission of the control impulses. Hence, reference to iplA 
for Class VII regulators under factor JI stands for an integrat- 
ing pilot-operated liquid-pressure deviation control that does all 
it can do to keep the reading at a point regardless of the demand. 

Factor III. Storage-lag pacer effect is obtained by a dashpot 
in which the rate of change of level reading is used, not only to 
get an idea of the actual change in demand which occurs, even 
though it is buffered by the inventory of the system, but also to 
overemphasize the effect of the rate of change. Overshooting 
of the control point is anticipated and counteracted, so that, in 
effect, the control operates as though the reading were at the 
point at which it will arrive if the constants of the system do not 
change in the meantime. Therefore, in Table 2 rates under JJ, 
iplA, for an integrating, pilot-operated, liquid-pressure-powered, 
storage-lag pacer. 

Factor IV. Time-lag compensation is not embodied in Fig. 12 
of the paper. There is no means shown that would make it pos- 
sible to compensate for the undercorrected flow that passed 
before the control equipment was able to reach the new setting. 
This requires a control factor which will call for a change in 
supply in excess of the required change, for period of time partly 
determined by the response lag, after which the more correct 
value of flow is established. All this should be done within the 
time required for the reading to make its outward excursion. 
This eliminates cycling entirely. 

While good engineering aims to reduce this lag to the minimum, 
so that the need for compensation is reduced, there generally 
remains enough to cause loss or inefficiency. This is particu- 
larly important with the modern tendency in engineering for less 
and less inventory and smaller, more responsive units. 


A. F. Sprrzatass.'* Mr. Smith has mentioned the need for 
clarification and simplification in the field of automatic regula- 
tion. In this fast-changing art, with its ever-expanding scope and 
ever increasing boldness of application, development has occurred 
spontaneously from many independent sources. Each drew on 
its own background of experience. The turbogovernor de- 
signer created highly refined hydraulic mechanisms. The elec- 
trical engineer attacked the problem in terms of motors and con- 
tacts. Others drew on their experience in the gas fields and de- 
veloped pneumatic operation. The theoretician thought in 
terms of vibration phenomena, the plant engineer in terms of his 
process. 

Quite naturally each carried along the nomenclature of the 
art from which the inspiration was drawn and a baffling multi- 
dlicity of terms exists as a result. Today the trend is toward 


* Vice-President, Republic Flow Meters Company, Chicago, III. 
Mem. A.S.M.E. 


standardization and to a more composite understanding. The 
confusion in nomenclature, however, still extends to the con- 
ceptions and definitions and renders the task of presenting to 
industry a straightforward presentation well-nigh impossible. 

We must therefore compliment the author for presenting for 
general consideration a tentative starting point. Due to the 
many points of view his classification will not satisfy many of his 
contemporaries. Even in the author’s mind it is not as impor- 
tant that it should do so, as that it should stimulate activity to- 
ward ultimate simplification and clarification. 

Individual effort is insufficient to cope with this task of stand- 
ardization. The field of regulation is capable of embracing the 
entire range of industrial processes. Certain generalizations are 
possible and in an accompanying discussion by Dr. M. J. Zucrow'* 
this phase of the problem is most aptly discussed. These general- 
izations are purely mathematical, however, and while they form 
the very groundwork and background of the concept of regula- 
tion, they must be complemented by analyses extending to the 
specific processes of industry in order to be utilized to practical 
advantage. 

Mr. Smith has carried this program a distinct step forward with 
an analysis of regulator types. This analysis, while useful, will 
give rise to much controversy, but the very existence of this 
difference of opinion will emphasize the author’s main point that 
the necessity of an authoritative effort to clarify the entire 
problem. Every branch of engineering is involved and the 
problem can only be handled by a group truly general in scope. 
A special A.S.M.E. Committee could accomplish much by 
making it possible for all those interested in controllers to use 
the same terminology, even though they be in widely divergent 
fields. 

The writer has found several approaches to the problem of 
classification of automatic regulators. Mode of application, 
ultimate resuit, metering response, stabilizing mechanism, in- 
herent stability, power medium utilized, and economic factors; 
from any of these considerations a new classification arises. 
Inevitably these classifications overlap and contradict each other 
to such an extent that we must resort to the convenient mecha- 
nism of “simplifying assumptions” in order to fit the pieces of our 
puzzle into the simplest pattern. 

For example, it is very convenient in regulator theory to as- 
sume massless power linkages, and incompressible operating 
fluids. But these factors are only negligible in liquid-operated 
regulators, while in pneumatic devices they form an important 
factor and even act as a limitation to the use of air as a power 
medium for regulators. Therefore, any classification of regula- 
tors must be cross-classified with relation to the power medium 
utilized, as it is very possible that a regulator which, when actu- 
ated by an incompressible fluid will be stable for a given control 
operation will be unstable if actuated by a compressible gas 
should the speed of operation required be sufficient to create 
an appreciable inertia in the power linkages. 

Further amplification of the author’s very general statement 
in the abstract of the paper that “sensitivity, speed, power, 
stability are pertinent variables of automatic regulators” would 
be of great value. There is a wide divergence of opinion on the 
relative importance of these four factors, and it is entirely due 
to an attempt to consider the regulator apart from its applica- 
tion. Thus, there are some control applications in which it is im- 
portant that the sensitivity be of a low order in order to give a 
simple and stable control, while in the regulation of a suction 
main on an open-hearth furnace pressure very high degrees of 
sensitivity are necessary. 

Speed is another such contradictory variable since stable regu- 
lation can be obtained by increasing the speed of the regulator in 
cases where no metering lag exists or by decreasing it where a 
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metering lag does exist. In the latter case the degrees in speed 
would cause a consequent increase in the sensitivity and accuracy 
of regulation. 

Stability is a function of all the other elements in the regulator 
plus all the variable elements in the application. The Class VII 
regulator is shown to be stable for a very wide variety of conditions, 
but any specific regulator of this class must be analyzed further 
to answer the question: Will the regulator itself have the in- 
herent speed, sensitivity, and power necessary to perform the 
cycle of operations indicated on its characteristic curve? It is 
not merely refinement of manufacture that the writer has in 
mind but actual limitation due to class of metering device or 
class of power medium. 

Referring to the specific classification adopted by Mr. Smith, 
the writer’s experience has been for the most part with regulators 
of Classes V, VI, VII, and XII. 

Of these, Class V is a very common form of regulator giving 
“band control.”” Case VI can be considered a special case of 
Class VII, in which the reset spring of the latter is increased 
to the point of rigidity. Obviously, therefore, it is quite limited 
in application as compared to Class VII. 

Again Class XII can be reproduced as a special case of Class 
VII in which the reset spring is weakened to such an extent that 
the piston must overswing its control point in order to compress 
(or tension) the spring enough to create the follow-up pressure 
that retards the motion of the regulator. Furthermore, Class 
VII with a locked dashpot becomes Class V, while with a wide- 
open dashpot it becomes either Class IV or Class III, depending 
upon the characteristic of the meter. Thus, Class VII, by vir- 
tue of its wide field of application, occupies a unique position 

in this classification and Mr. Smith is fully justified in treating 
the Class VII regulator as a basis of comparison with other 
classes of regulators. In the ultimate form in which the sug- 
gested report would be presented, it would be very simple to 
demonstrate how the Class VII can be used in the same manner 
as many of the other classes of regulators and this would form a 
logical extension of the mathematical treatment Mr. Smith has 
given to the subject of stability. 

Concluding, it is sincerely hoped that these questions will be- 
come the subject for a disinterested study on the part of a proper 
A.S.M.E. committee. An authorized report on automatic regula- 
tion would give a common starting ground that is very sadly 
needed if we are to make the art of regulation keep pace with 
the demands being made upon it by industry. 


M. J. Zucrow. There can be no controversy over Mr. 
Smith’s allegation that the literature pertaining to the art of 
regulation by electrical and mechanical devices has been out- 
stripped by the art itself. The only qualification that might be 
made is that the lack one finds in the technical press of this 
country exists to a smaller extent in such European countries as 
Germany. To the writer’s knowledge, the only detailed discus- 
sions of the mathematical theory underlying the coordinated 
regulation of several variables are those written by German engi- 
neers. That a wide dissemination of a similar literature in this 
country would be valuable to all parties interested in this sub- 
ject cannot be doubted. Furthermore, one cannot deny that 
there is a lack of definition and a looseness in the current use of 
the terminology. This is not limited to the statements of the 
manufacturers’ advertising departments, but is found among 
those of engineers. If the development of no other phase of the 
literature be sponsored by a special research committee of the 
A.S.M.E. that of standardizing and defining the terminology 
would be a worthy undertaking for such a body. Their recom- 


1 Republic Flow Meters Company, Chicago, Ill. Mem. A.S.M.E. 


mendations will give authority to the terms finally adopted and 
assist materially in the development of a common language 
which all can understand. In this regard, Mr. Smith has made 
an excellent beginning by presenting a list of some of the more 
common terms together with their definitions. The writer is 
pleased to note that these definitions are merely suggestive. Defi- 
nitions are fathered by the point of view of the definer. Per- 
haps, if they were developed from a basis founded upon an analy- 
sis of what is involved in the problem of regulating the value of 
a variable, to a definition of the functional parts of the mecha- 
nism, the results might have a more general applicability.'5 

The regulation problem may be analyzed from a “different, 
and perhaps more general, viewpoint than that adopted by the 
author. To illustrate this mode of analysis, the writer will dis- 
cuss the general problem of a steam-pressure regulation, such as 
that shown schematically in Fig. 4 of this discussion. The re- 
marks will be confined to regulators which operate with auxiliary 
power supply; that is, pilot-operated regulation. The problem 
is to maintain the pressure ahead of the demand valve B at a 
constant value. 

The mathematical procedure involves certain simplifying 
assumptions. The pressure regulator is assumed to be a massless 
device; this is allowable because special means can be employed 
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Fig. 4 SimpLe PRessuRE-REGULATING SysTeM 


to keep its mass and stroke small, and to operate successfully the 
regulator does not require any mass. In the usual case, the 
mass of the regulator is merely the weight of the transfer lever 
connecting the power cylinder to the pilot valve. 

The system shown in Fig. 4 of this discussion will be at rest 
only when the steam demand (heat output) and steam supply 
(heat input) are balanced. The steam pressure which is to be 
maintained constant by the regulated valve is a measure of the 
storage of the system, and it is the duty of the steam-pressure 
regulation to maintain the storage at a constant value. While 
one can conceive of a regulation process in which a regulator ele- 
ment measures the demand and instantaneously positions the 
regulating valve to its corresponding position, so that no vibra- 
tions occur, this is not the usual case. Ordinarily the difference 
between the supply- and demand-steam flows acts upon the storage 
condition of the system, which in its turn reacts back on the 
regulator. The entire process involves a time lag between the 
change in the storage and the corrective action of the regulator, 
so that the regulated system passes into the new equilibrium 
condition with a vibration. The equation of the vibration is in- 
fluenced, in general by the characteristics of the change in the 
demand, the particular fluid flowing in the pipe, the pressure 
drops h; and hy and the regulator itself. In the case presented 


16 “Regelung warmetechnischer Gréssen,” Verfasser: J. Krénert, 
Archiv. fiir Technisches Messen, J 060-1, Reference T-109, August, 
1935. 
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in Fig. 4 of this discussion, no specific characteristics have been 
assigned to either the regulator or the demand. The demand 
valve B may be hand-actuated or operated mechanically. The 
demand steam flow may be utilized in such units as a turbine, ac- 
cumulator, or a steam hammer. Consequently, the changes in 
demand may be of a uniform character, sudden or cyclic. Its 
specific characteristic will have an influence on the equation 
for the steam demand. Only the simplest case will be discussed. 

Let Wo = the steam consumption when the system is at rest 
(the normal supply) at the time ¢ = 0; Wmax = the maximum 
quantity of steam which is controlled by the regulator; W = 
the steam flow at any instant t; ¢ = any time during the period 
of opening (it will be assumed that the valve opening is a linear 
function of its movement, and is opened with uniform velocity); 
and 7’) = the time which would elapse before the maximum 
steam flow past the regulator valve would be taken up (or shut 
off) by operating the demand valve B. For want of a better 
name this time will be called the “demand period.” 

To illustrate the significance of the time 7, suppose that the 
valve B is operated manually. The process of opening the valve 
might be to alternately and gradually increase the valve opening 
for 1 sec, and wait 1 sec to note the effect, then to repeat this 
process until the desired quantity of steam flows through the 
valve. On the other hand, the valve might be opened continu- 
ously to increase the steam flow at a uniform rate. These two 
cases are illustrated in Fig. 5 of this discussion, and the case shown 
at the right is assumed to apply to the writer’s discussion. In 
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the latter case the steam is taken up at a uniform rate and the 
equation for the rate of steam flow past the regulating valve is 


To 


If the steam supply has to be changed to meet a sudden de- 
mand, the equation for the steam demand would be 


[16] 


where z is that fraction of the maximum steam flow W,, which is 
required with a rapidity so great that it may be termed a “sudden 
demand.” Obviously, a steam demand defined by Equation 
(15] will have a different reaction on the regulation process from 
one defined by either Equation [16] or their combination.’ It 
tan be shown that in general the steam-flow equation for a uni- 
form and sudden demand occurring simultaneously is 


W, = Wo (t/To + 2) W mex 


let p = the value of the absolute pressure for which the regula- 
tor is set; Ap = a deviation from p; ¢ = Ap/p = the departure 
from normality; 6 = max (Apmax is the pressure deviation for 
which the regulator has its full operating velocity); m = the 
Psition of the power piston at time t; M = m/dmax; and @ = 


¢/3. Let the rate of steam flow through the regulating valve 
be assumed to be proportional to the valve position; that is, 
to the position m of the power piston. Then the maximum flow 
Wax corresponds to Mmsx, and a change in steam flow AW 
corresponds to some value of m. Let W, be the rate of steam 
flow through the regulating valve, then 


Hence, if the demand flow be less than the supply flow, then the 
pressure in the pipe between the valves A and B will rise; and 
vice versa. If the volume of this pipe is V it will require dt sec- 
onds to fill it with the unbalanced flow W; — W,; = AW. The 
rise in pressure causes a change in the steam density p amounting 
to dp. The storage is, therefore, increased by the weight of 
steam Vdp. Hence 


(W, — W,) dt = AW dt = Vdp........... [18] 


For the relatively small pressure changes involved, it may be as- 
sumed that the change in the steam density is proportional to the 
corresponding change in steam pressure; that is, dp/p = dp/p. 
Hence 


AW dt = Vp dp/p = Vo dp/p = Rdp/p.........[19] 


where R = Vp = the steam content of the pipe at time ¢. 
But by definition 


dp = dp/p, so that dp = pdg............... (20) 


Hence 


{21} 
Or from Equations [17a] and [18] 


It is seen that the dimension of R/Wmax is that of time. Physi- 
cally, R/Wmax is the time required for the maximum rate of steam 
flow to fill the piping annexed to the regulating valve. Let this 
time be called the “application lag” and be denoted by T,. 
Substituting for R/Wmax in Equation [22] 


Equation [23] is the equation for the pressure change; the sign 
preceding 7',(d¢/dt) is positive when the pressure increases, 
and negative when it decreases. This equation is perfectly 
general and is independent of any special regulator construction. 
It involves the “application lag” of the system, the position of 
the power piston, and the characteristics of the change in the 
steam demand. To establish the complete equation of motion 
for a given case of regulation, the chain of circumstances caused 
by a “departure from normality” must be analyzed for the specific 
regulator.® 

In comparing the suitability of different regulators to any appli- 
cation, three phases of the regulation process are of major inter- 
est: (1) The conditions underlying a stable regulation, that is, 
one in which oscillations are quickly damped out. (2) The 
value of the maximum departure from normality which will 
occur with a definite change in demand. (3) The period of the 
regulation process; for this should not exceed a practical allow- 
able value. 

These phases can be investigated by applying Equations [24] of 
this discussion to the speicfic problem. Ordinarily the result 
will be in the form of a differential equation of the form 


= 
3 
‘ 
n 


d*p do 
Cote + Cw =0 


an 


+ C,¢ = 


ad” 


The relationships between the constants Co, C,, ...... C, deter- 
mine the stability of the regulation.'* 

Mr. Smith chose the first of Equations [24] to illustrate the 
vibratory characteristics of a regulation process. It might be 
well to amplify his remarks. The regulation equation can be 
written in the form 


do 


The corresponding characteristic equation, found by letting ¢ = 
ect . is 


If a?/4 > b, the radical in Equation [27] has a real value, but if 
a*/4 < b it has an imaginary value.” The latter is the case 


being considered; when a?/4 > b the result is aperiodic.'® When 
a*/4 < b the solution of Equation [25] is 
@=e 2 (C, sin wt + C2 cos wt).......... [28] 


where w is the angular velocity of the cycle in radians per sec 
(see author’s Equation [1]). The values of the constants of 
integration C, and C; are found from the initial conditions. 

It has been shown by the author that the value of factor 


a 
e 2‘ determines the degree of damping. The rate of damping 
depends upon the magnitude of a, and the amplitude of vibra- 
tion diminishes after every cycle in the ratio’® 


If the amplitude of the first half cycle is assumed to be A; = 1, 
then the decrease in the amplitude A; for the second half cycle 
will be a measure of the damping. The time for a one-half cycle 
is 


so that 


16 “*Regelung der Kraftmaschinen,” by W. Tolle, third edition, 
Julius Springer, 1909. 

17 “Functions of a Complex Variable,” by E. J. Townsend, Henry 
Holt and Company, New York, 1915. 

18 “Advanced Calculus,”” by W. Osgood, The Macmillan Company, 
New York, N. Y., 1922. 

19 ‘Vibration Problems in Engineering,” by S. Timoshenko, D. Van 
Nostrand Company, Inc., New York, N. Y., 1928. 
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A, is the value of ¢ when t = 


From Equation [30] of this discussion it is seen that the magni- 
tude of A; depends upon the ratio k = a/2./b. The per cent 
reduction in amplitude for the one-half cycle is 


A, — Az 
P,= 100 ( = 100 (1 — A,)........ [31] 
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Fig. 6 DampiInG AND AMPLITUDE CURVES 


Now a and 6 in the criterion k = a/2+/b have the following sig- 
nificance. If b be considered to be the damping required for an 
aperiodic regulation (condition if a*/4 > b) and a the actual damp- 
ing, then k is the ratio of the actual damping to the aperiodic 
damping. This means for the vibration decay to be rapid, the 
value of k must be large. Fig. 6 of this discussion illustrates P, 
and A; as functions of k. 

Now the damping of a regulation may arise in the more usual 
cases from three sources: (J) Inherent damping of the 


system itself. (/7) Damping due to the flow of fluid through | 


the pipe producing a pressure drop between the measuring 
station and the demand valve. (//J) Damping due to a me- 
chanical follow-up. These three types of damping depend on 
6, T, and 7; where 7’, is the regulator period, that is, the time 
required to move the piston its full stroke with the pilot valve 
wide open. Now 4 is related to the sensitivity of the regulator 
and 1/T, is the regulator speed. Furthermore (J) and (//) de 
pend upon the load factor z = W/Wmax. The specific equa- 
tions for k = a/2+/b for (J), (II), and (I1/) are, however, different. 
They have the following forms 


Since k must be large, about 0.5 at least, to give stability, it i 
seen that the damping effects (/) and (IJ) are inconsequential for 


2 ‘‘Regler fir Druck und Menge,” by G. Winsch, R. 
bourg, Miinich, Germany, 1930. 
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small load factors, or if 7, is large. Since the damping due to a 
mechanical follow-up is independent of the load, it is apparent 
that regulators without such a follow-up must be restricted in 
their application. 

Mr. Smith has pointed out that power, speed, sensitivity, and 
stability are the requirements for good regulation. That the 
regulator must have ample power to overcome the resistances it is 
to encounter needs no further comment; it is a consideration, 
however, in applying direct-operating regulators. The remain- 
ing requirements are not independent of each other as an examina- 
tion of Equations [31] of this discussion quickly reveals. 

The classification of regulators presented by Mr. Smith is 
interesting and instructive. There is no doubt in the writer’s 
mind that some organization of the knowledge regarding the 
construction and behavior of regulators, whether by classifying 
the devices as the author has done or from some different view- 
point, would be valuable to all who are interested in this art. 
Any scheme which brings out clearly the behavior of the differ- 
ent types of devices with emphasis upon their suitability for 
different applications together with their limitations should be 
welcome. A regulation problem has to be engineered, and any 
information which will assist the customer in determining ex- 
actly what he will be getting if he purchases one device or an- 
other will be of value to all. 


8. D. Mirererr.”". The writer is under the impression that 
while the paper of Mr. Smith is valuable in many respects, it 
does very little to clarify the problem of automatic control in its 
basic aspects. It might be helpful, therefore, to present the 
fundamental situation from an angle which will permit a better 
visualization of factors involved. 

A control installation consisting of inflow, outflow, and storage 
can be represented by a dynamically equivalent layout shown in 
Fig. 7 of this discussion. This layout consists of a massless 
carriage M disturbed by a random force F,, damped by the dash- 
pot O and stabilized by the restoring force F,. Designating 
the deviation of the center line C—-C of the carriage from datum 
line X—X as P, the motion of the carriage is expressed by the 
equation 


dP 
[32] 


The term k,(dP/dT’) is due to operation of the dashpot O which 
produces a force proportional to the rate of motion of the carriage. 

Equation {32] of this discussion expresses also the variation 
in the amount of fluid or power in storage if we call F, the rate 
of flow (uncontrollable); F, the rate of flow (controllable); P 
the amount of fluid or power in storage; and k, the constant de- 
pending upon the storage capacity of the receptacle (fly-wheel 
effect in case of turbine, for instance). 

The relationsbip between P and F, can be selected at will, 
depending as it does, upon the characteristic of the regulator. 
It is quite adequate to make F, = k,P since the resulting equa- 
tion of deviation is perfectly aperiodic, that is 


dP 


This equation expresses the motion of a massless carriage M if 
stabilized by dashpot O and a tension-compression spring S. 
If, however, we make F, = kif PdT, the resulting equation 
of deviation (after differentiation) is 
k,P ky aT? = —F, cot [34] 
"'Y.M.C.A., Petersburg, Va. 


dF 
where F,’ = or which is another random disturbing force. 


The motion represented by Equation [34] is oscillatory, since 
it pertains to a carriage M having a mass and stabilized only by a 
tension-compression spring S. 

Since in some instances it is advantageous to control “to a 
point” and therefore to retain the term k, f PdT in the regulator 
characteristic, the writer proposes in such cases the characteristic 


F, =ki PaT + — [35] 


When this value of F, is substituted in Equation [32] the re- 
sulting equation of deviation P is (after differentiation) again 
aperiodic, or 


[36] 
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An interesting additional fact is that the natural damping 
effect of the storage (value of k:) can be either increased 
or decreased by respectively adding or subtracting the term 
ks(dP/dT) from the normal characteristic of the regulator. This 
expedient may be used to advantage in central power-station 
practice in order to better divide the load fluctuations between 
several turbines, thus minimizing the surges of current in a trans- 
mission line connecting two systems of unequal fly-wheel effect. 

A different class of automatic-control problems is represented 
by automatic steering and stabilization. The class is repre- 
sented much more literally by Fig. 7 of this discussion, since 
in this case we have a mass M damped by the natural damp- 
ing effect O of the surrounding medium and stabilized by a 
natural restoring force such as of the spring S as well as by the 
artificial restoring force F,, against the disturbing random force F,. 

The equation of motion of the object to be stabilized is 


dP 
= 


It should be pointed out that the natural restoring force k,P 
may be either negative (monorail cars) or absent (steering, of 
ships). The natural damping factor k,(dP/dT) is always posi- 
tive, but may be absent (monorail cars). The reaction of the 
mass k;(d?P’/dT*) is always present and is always positive. 

The artificial restoring and stabilizing force F, is produced 
by the action of a rudder or ailerons in case of steering of 
ships and sircraft precession of gyroscope, shifting of weights 
and movement of stabilizing fins in case of monorail cars and 
antirolling ship installations. 

It is apparent that to make the motion expressed by the Equa- 
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tion [37] of this discussion stable and aperiodic, it is sufficient to 
make 


F, = ky P — ky — 


The resulting motion is expressed by an equation of the type 
of Equation [33] of this discussion, provided there exists a natural 
damping factor of sufficient magnitude. 

To take care, however, of either negligible, absent, or excessive 
natural damping factor it is necessary to make 

dP d*P 


The simplest device for obtaining the angular-acceleration term 
—k;(d*P/dT?) consists of a balance (pendulum of infinitely great 
radius) restrained from rotation by either a compression rheostat 
or by a fluid-pressure multiplier (cup-bleeder valve). 

From the foregoing discussion an interesting question arises 
as to the proper method of automobile ride stabilization. It 
seems to be practical to stabilize a high-speed car by installing 
small stabilizing airfoil sections above each wheel, somewhat in 
the nature of present fenders, and to change the angle of attack 
of each airfoil by means of a regulator with the characteristic ex- 
pressed by Equation [39]. It will be close enough for the pur- 
pose to obtain the first two terms of the Equation [39] through 
successive integration (electric or hydraulic) of the term 
—k;(d?P/dT*) which, of course, can be obtained easily from 
the inertia effect of a weight. 

Another theoretically correct method of automobile ride 
stabilization consists of applying an artificial stabilizing force 


dP 
F = + — 


(where P is the vertical displacement of car frame obtained in 
practice by integration of vertical acceleration d*P/dT*) be- 
tween each corner of car frame and the axle. Such force can be 
generated either by a piston-cylinder or core-solenoid combina- 
tion connecting frame and axle in parallel with the usual spring. 

This arrangement would, of course, require an external source of 
hydraulic, pneumatic, or electric power for its operation, and it 
constitutes therefore the activated shock absorber in distinc- 
tion from self-operated shock absorbers of previous designs. 

A very similar and so far neglected problem is encoun- 
tered in stabilization of an airplane as a whole in a vertical 
direction to prevent airsickness among passengers from “bumps” 
caused by vertical air currents. This problem can be solved by 
actuation of such wing-lift changing devices as flaps or slots by an 
automatic control responsive to the changing inertia forces acting 
upon a small pilot weight (U. S. Patent No. 2,015,862). Since 
in this case a vertical acceleration (deceleration) primarily is to 
be minimized, the vertical displacement being of secondary 
importance, a stabilizing change of lift F = kid*P/dT*, equiva- 
lent to increase of plane’s mass will be sufficient. However, 
characteristic 


dP 


can also be used in this case. 

A problem closely related to that of automatic stabilization is 
presented by a radio loudspeaker, and microphone. 

As before, the equation of motion of the diaphragm is 


dP 
+ ka + = 
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where P = distance traversed by diaphragm, and F, = force 
of electric coil or of sound wave actuating the diaphragm. Since 
F, closely corresponds in shape and amplitude to original sound, 
it is desirable to obtain the relationship k,P = —F,. 

Two methods are available to achieve this. It is possible to 
modify original radio impulses at the station or in the receiver to 
obtain the equation 


dF, 
+ ke on + ks oma = —P, — — — 


This equation is reduced by proper selection of constants ky and 
ks to keP =—F z 


The second method consists of obtaining terms —k,(dP/dT) 
and —k;(d?P/d7?) from the motion of the diaphragm (by means 
of a small solenoid, for instance, and appropriate vacuum-tube 
circuit) and by impressing these terms (as a force) on the dia- 
phragm in addition to force F,, obtaining 

d 


P 
+ + hs 


dP 
= —F, + ke + ks ar? [43] 


The cancellation of like terms gives us again the desired equation 


J. C. Downina.** After reading Mr. Smith’s paper, as well 
as the paper by 8. D. Mitereff,? and the discussion* of the latter 
paper, the writer finds that we are all talking about the same 
subject but thinking and expressing ourselves ambiguously. 
Therefore, the writer agrees with the author’s suggestion of 
having a committee sponsored by the A.S.M.E. to standardize 
on automatic-control terminology and classification. 

Since every definition we might apply to control installations 
and their component parts can be stated in many different ways, 
some group should decide upon a terminology which will be 
universally accepted. The writer believes we must begin at the 
very beginning of the subject and arrive at the basic fundamentals 
and definitions before we can proceed to establish such a univer- 
sal terminology. Therefore, the writer presents in this discus- 
sion his conception of what the problem is, and refers to defini- 
tions by the author which, incidentally, do not agree with those 
used by the writer. 

Our starting point must be with the subject. Our subject 
can be nothing but automatic control or automatic regulation. 
It isn’t “hand” control or “manual” control but automatic, 
that is, self-adjusting, or not depending on the will of man. The 
terms control and regulation are synonomous. This can be modified 
to a specific type of control by the addition of the variable con- 
trolled such as automatic temperature control or automatic 
level control. 

We can now apply this subject of automatic control and our 
result is an automatic-control system. This system is a self- 
sustaining unit. Each part of this system relies upon the other; 
remove any one part and you destroy the system thereby losing 
the title of “automatic control.” The writer can conceive of 
an automatic-control system which is altered to such an extent 
that it is still a control system but has been reduced to a different 
class such as a remote-control system or hand-control system. 

Since we have set up an automatic-control system we can noW 
proceed to divide it into its component parts. But, before we 
do that, there is one more general item to be considered and that 


22 Engineer, Automatic Combustion Control, Huntley Station, 
Niagara Hudson Power Corporation, Buffalo, N.Y. Mem. A.S.M.E. 

23 Discussion of paper ‘‘Principles Underlying the Rational Solu- 
tion of Automatic-Control Regulators,” by 8. D. Mitereff, Trans. 
A.S.M.E., vol. 28, January, 1936, p. 55. 
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is the purpose or function of the control system. Naturally there 
must be one or more variables to be controlled within the system. 
These variables are factors, qualities, or conditions, the values 
of which must be maintained within some predetermined limits 
by the automatic control. Since we bring in one or more variables 
to be controlled we must elaborate still further on our control 
system to make a distinction between a system with one variable 
and a system with two or more variables. We can class a system 
having one variable as a single-element automatic-control system, 
and one with two variables a double-element automatic-control 
system. This subdivision is necessary as we might speak of an 
automatic level control which is a single-element, a double- 
element, or a triple-element class, i.e., one considering the level 
only, the level and flow, and the level and two flows, respectively. 

Getting back to the segregation of the automatic-control 
system, there are three major parts: (1) The variable detector, 
(2) the controlling means, (3) the controller. 

Part (1) has been referred to as the measuring device, impulse- 
receiving element, and variable responsive meter by various 
writers. Part (1) is the heart of the control, it is the master and 
the writer believes a term such as ‘‘variable detector” is a good 
general title. The writer cannot agree with the use of the term 
“meter” as his conception of the word is “to measure.” All 
instruments are in a true sense meters but the writer’s classifica- 
tion has been such that a meter is that type of instrument which 
integrates, records, or indicates the flow of fluid. The writer will 
grant that a meter may be used as a detector, but so may a 
temperature-recording element, or a pressure-recording element. 
The term ‘meter’ is not general enough and is misleading. 
The author refers to a float and reservoir as a meter which, in 
the writer’s opinion, should be referred to as a pressure- or level- 
indicating element. 

Part (2) can be expressed in various other ways as long as it 
is known that it is the connecting method between the detector 
and the controller. 

Part (3) is the controller or regulator which is the device used 
to control the variable. 

Again, the author uses the term “automatic regulator,’”’ where 
the writer would use “automatic control system,” and in using 
the term the author refers to the hunting of the automatic 
regulator, but apparently means to say the hunting action of the 
variable as produced by the automatic-control system. The 
writer does not believe that you can take any one part of the 
system and refer to its classification or characteristic without 
considering the whole system. Instead of referring to classes of 
regulators, the writer would speak of classes of control systems. 

The writer is of the opinion that it would be well to include a 
definition of the value of the variable which the control system 
is set to maintain. This has been referred to as the “set value” 
and the “control point” in the author’s definitions of “reset” 
and “damping decrement,” respectively. 


C. O. Farmcuitp.%* Process engineers will undoubtedly 
welcome the author’s implied proposal that the A.S.M.E. 
should sponsor the development of this subject and plan the 
preparation of compact treatises for the use of those not familiar 
with it. This paper is an admirable beginning. It is certainly the 
most successful effort to date, to classify automatic regulators, and 
develop terminology. The writer disagrees with the author at 
Many points but most of these cannot be cleared up unless the 
subject breaks into print with full force and the sustained support 
of an active group. 

It is quite natural that a mechanical engineer and a physicist 
acting in different fields should disagree, not only on the use of 


“ Director of Research, C. J. Tagliabue Manufacturing Com- 
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terms, but in the method of approaching the subject. A reason- 
ably concise discussion of these different points of view would 
require another paper as long as the author’s but the writer 
would like to give a few examples, with the purpose of cautioning 
mechanical engineers against drawing too many general con- 
clusions from hydraulic or mechanical examples, and against 
the habit of depending too much upon a mechanical setup 
instead of upon a physical principle. Sir James Jeans, in the 
preface to his ‘Theoretical Mechanics” writes “ . . . I believe that 
all students of mechanics, no matter what their aims and inten- 
tions may be, will be in the same position in one respect, namely, 
that they will best begin the study of the subject by trying to 
acquire a firm grasp of the physical principles, leaving aside at 
first all mathematical developments and all practical applications, 
except in so far as these contribute to the elucidation of the 
fundamental principles.” 

The question is raised: Which is the better method of ap- 
proach to this subject, the elucidation of the fundamental 
principles, or the classification of types of instruments and study 
of their characteristics? Another possible method is to classify 
according to the type of application or the kind of variable to be 
controlled. For example, the study of level control teaches 
only part of the subject of temperature control, in which the 
principal complication is the attenuation of temperature between 
the controller and meter, when heat is conveyed by solid con- 
duction. In fact, temperature control is sometimes sufficiently 
involved that the study of one case becomes very tedious. 
Nevertheless, many fundamental principles can be recognized 
as generally applicable. 

In one sense it is not proper to use level control as typical. 
It is a special case of indirect control in which, in the absence of 
meter response lag or pure time lag, there is always a phase 
difference of 90 deg between the controller and meter. Thus, 
capacity lag alone cannot produce hunting. Physically this is 
identical with an electrical circuit having capacity but no in- 
ductance; one in which oscillation cannot persist. Of course, 
the author’s use of level control is legitimate, other sources of 
lag being always included. In such cases it should be pointed 
out that during relatively slow oscillations or hunting, the phase 
difference is almost exactly 180 deg. 

The writer does not fully agree with the author’s handling of 
“follow-up,” “reset means,” and “storage-lag pacer,” and the 
extensive use of Class VII regulator as typical. We would add 
a class similar to VI in which the piston and cylinder of the dash- 
pot are connected with a spring, and make VII a subclass. We 
would also differentiate between true automatic reset and pseudo- 
reset of this added class, for which many manufacturers claim 
reset. We are not concerned here with the use of “‘reset’’ as a 
term, but with the theoretical treatment of “resetting.” 

The writer prefers the term “constrained” in place of “‘cor- 
responding” for reasons requiring some discussion. 

The writer wishes to emphasize his opinion that the author’s 
expressed purpose deserves the hearty support of the Society 
without particular attention to technical criticism of the paper 
under discussion. 


Joun I. Yetuorr.*® The rapid increase in recent years in the 
number of types of controllers has unfortunately not been ac- 
companied by a corresponding increase in the amount of liter- 
ature available. Consequently, the mastery of this art is difficult 
for those who have not grown up with it. 

The writer is of the opinion that a treatment of the subject, 
sponsored by the A.S.M.E. in a manner similar to the fluid- 
meter reports, would be of great value. Publication of such 


26 Assistant Professor of Mechanical Engineering, Stevens Insti- 
tute of Technology, Hoboken, N. J. Jun. A.S.M.E. 
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reports would perform the double function of standardizing the 
terminology of the art, and of supplying an authoritative reference 
to those who seek entrance to this very interesting field. 

Although Mr. Smith specifically disclaims any desire to offer 
for universal adoption the terminology used in the paper, never- 
theless it seems likely that the terms which he has used will stick. 
It seems proper, therefore, to question a few of them. 

The expression “throttling range”’ is open to the objection that, 
for most engineers, “throttling” has a specific meaning which 
does not coincide with the sense in which it is used in this ex- 
pression. Would not “operating range’’ or perhaps “functioning 
range” be better in that they would not be as liable to misinterpre- 
tation? 

The term “speed of controlling” is also subject to criticism in 
that “speed” should have the length and time as dimensions. 
May not “speed” be replaced by some word, such as “period,” 
which refers only to time? Where ambiguity is possible, is it not 
preferable to coin a new expression? It is certainly better to be 
entirely ignorant of the meaning of an expression than to have 
half an idea which is probably wrong. 

Mr. Smith should be congratulated on the presentation of 
such an instructive paper. It is to be hoped that this will be the 
forerunner of a number of contributions on tbis important 
subject. 


J. L. Krwpatu.2* The follow-up system of compensation in 
regulators of the class discussed in the paper has for the last few 
years, gradually lost favor for two reasons. First, it results in a 
comparatively wide operating range, and second, it does not 
anticipate time lag. 

It is generally conceded that time lag is the main cause of 
objectionable oscillations known in the art as “hunting,” and 
while the follow-up arrangement is effective in preventing an 
overtravel it is not so effective in preventing a reversal of operation 
when marked time lag is present. The more advanced thought 
is to dissipate the follow-up effect in time with the dissipation 
of the time lag accomplished by means of a self-restoring dashpot 
arrangement such as shown in Fig. 1 of the paper. 

The conventional follow-up such as shown in Fig. 10 of the 
paper results in a wide operating range due to gradient effect 
of diaphragm and springs meaning low pressure on high volume 
demand which is obviously the wrong way around as what is 
needed is an increase in pressure on increase in volume to com- 
pensate for increased pipe-line losses. 

There are some makes of regulators on the market in which 
the operation of the servo motor automatically changes the 
pressure setting of the pressure-responsive device. But this is 
manifestly wrong adjustment and results, because of time lag, 
in two forces acting on the pressure-responsive device in the same 
direction and tending to an unstable operation. 

For example assuming an upward movement of a plunger to 
close off a steam valve because the reduced pressure was slightly 
too high, and to prevent the plunger from overtraveling we 
automatically slide a weight out on the pressure beam, or tighten 
a spring under the beam. Now by this upward movement of 
the plunger and the slight closing of the steam valve, we are soon 
to have a reduction of pressure, but we had already increased 
the pressure setting of the regulator, so the loss in pressure and 
the increase in pressure setting are forces acting in the same 
direction and result in unstable operation. 

The writer has been quite successful in his experiments in 
changing the pressure setting in the exact opposite direction to 
this, namely, in the same direction as the initial movement, 
thus anticipating time lag; at the same time stabilizing the 


26 Mechanical Engineer, Ruggles-Klingemann Manufacturing 
Company, Salem, Mass. Mem. A.S.M.E. 


regulator by means of the self-restoring dashpot arrangement as 
shown in Fig. 1 of the paper. The writer usually refers to this 
method as the “self-centering-self restoring” principle, as it results 
in stable operation at zero range. 


W. A. Carrer.?” This paper should be welcomed by both the 
manufacturers and the users of automatic regulators inasmuch as 
it sets forth so comprehensively the principles involved in their 
design and use. It is hoped that the Society will form a committee 
of interested engineers to cover the subject more completely, as 
the author suggests. 

The only detailed comments that the writer has to offer are: 
(1) In addition to regulators for the control of flow rate, level, 
pressure, temperature, and speed, it probably will be necessary 
to cover certain combinations of these. (2) Besides motive 
powers such as mechanical, hydraulic, electrical, and thermal, 
as mentioned it might be desirable to include a pneumatic class 
in order to distinguish between expansible and nonexpansible 
fluids. 


R. P. Lows.** From the sales-engineering standpoint, the 
writer believes that it is desirable at this time to encourage the 
establishment of a committee for standardizing the terminology 
and symbols for industrial instruments and regulators. The 
writer has attended several A.P.I. meetings, at one of which the 
use of certain industrial instruments was discussed by two 
manufacturers’ representatives for the benefit of engineers and 
attendants. The terms used by these speakers differed to such 
an extent that, although the problem under discussion dealt 
with the simple control of level, the audience was confused. 
Furthermore, the ensuing argument between the speakers in- 
dicated that they evidently misunderstood each other. 

The writer has spent over ten years in the design and construc- 
tion of engineering works, which industry, in contrast to the 
manufacturing of controllers or regulators, has standardized its 
terminology and symbols so that one engineer can readily read 
the plans and understand the calculations and language of any 
other engineer in this field. 

Engineering development in any field is hampered unless there 
can be a meeting of the minds of all concerned in that develop- 
ment. We know from experience that it takes the collaboration 
of a large number of individuals in any field to produce advances 
similar to those made by the radio, motion-picture and auto- 
mobile industries. The uniformity of the drawings, which the 
author has used to illustrate various control characteristics, 
makes their differences comparatively easy to recognize. These 
graphic illustrations of operation serve as a shorthand means of 
visualizing the action of the various parts under operating con- 
ditions. It is believed that still further work along the line of 
illustration would aid those whose daily problem is the design, 
selection, and maintenance of such apparatus. 

Although Mr. Smith has stated that his paper is of an elemen- 
tary nature, the writer believes that it is introductory to more 
involved papers such as those of Mitereff.* 

The writer particularly appreciates Mr. Smith’s efforts to 
simplify a subject which has, until now, been generally presented 
in more complex and perplexing forms. The paper is, apparently, 
open minded and intended to invite discussion which will help to 
bridge the gap which at present exists between the designing 
engineer, sales engineer, and operator. The writer knows, from 
his association with the author, that Mr. Smith has incidentally 
used one terminology in his paper without seeking its adoption; 
instead, he seeks only to assist in starting an A.S.M.E. program 

*7 Technical Engineer of Power Plants, Detroit Edison Company, 


Detroit, Mich. Mem. A.8.M.E. 
28 Sales Engineer, Builders Iron Foundry, Providence, R. I. 
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that will be useful to those interested in industrial instruments, 
including regulators. 


Vicror Wicuum.”® The author, in presenting the result of 
his analysis of the theory and application of automatic regulators, 
has performed a most useful service. His paper should be the 
forerunner of many others to follow, if industry is to get any 
appreciable value out of the latest developments of the instru- 
ment manufacturer. 

The process engineer knows his apparatus and its characteris- 
tics and in selecting the proper type of control equipment, he is 
interested in knowing how “apparatus lag,” for example, will 
affect the functioning of the temperature controller. Will it 
be necessary to purchase a controller with a special feature in- 
corporated, in order to eliminate hunting, drifting, and resetting? 

T. R. Olive, associate editor of Chemical and Metallurgical 
Engineering and secretary A.S.M.E. Process Industries Division, 
has clarified the importance of instrumentation in the process 
industries to his readers. He emphasizes that the great progress 
of these industries has been made possible through the successful 
cooperation of the process engineer with his knowledge of the 
chemical and physical principles of the plant process and the 
instrument manufacturer with his correct design of equipment for 
automatic control. 

Messrs. Olive and Béhar! have classified industrial instru- 
ments and described and illustrated the many types available. 
They have made a worth-while contribution to the subject of 
instrumentation. The engineer in the process industry has been 
provided with a good foundation upon which to build his struc- 
ture. He has his unit operations, his unit processes, and his 
flow sheets of process industries. 

He should be taken several steps further. He should have 
access to a reliable source of information for choosing the par- 
ticular type of controller which will serve his particular apparatus. 
For example, in the petroleum industry, should the top tower 
temperature controller be of the potentiometer type with a 
motorized valve or should it be a recorder controller with a 
fully compensated mercury-tube system and actuate a diaphragm 
valve with compressed air? What are the advantages of each 
type? All the large manufacturers of industrial instruments can 
furnish both types. The choice should rest with the user. There 
are process engineers who could make a recommendation based 
on experience. Why should not this information be dissemi- 
nated? These engineers have offered to serve on an instrument 
committee which would make available this most valuable an- 
alysis of instrument application. 

The large number of members of the A.S.M.E. who, in a recent 
survey, have shown their interest in the Process Industries 
Division, strongly indicates the desire for an industrial instru- 
ment committee. Since the process industries are so definitely 
“instrument-minded,” why should not this second largest group 
in the A.S.M.E. enjoy the benefits to be derived from the con- 
tinuation of this work? 


H. A. Rotnick.*® So few papers have appeared on automatic 
control that a great deal of confusion in nomenclature and ideas 
has resulted. This paper written from both the theoretical and 
Practical points of view should help in stimulating discussion 
Which will clarify the automatic-control problem. 


L. M. K. Borurer.*! The writer calls to the author's at- 

* Chief Engineer, Sales Engineering Department, C. J. Tagliabue 

anufacturing Company, Brooklyn, N. Y. Mem. A.S.M.E. 

: Physicist, Brown Instrument Company, Philadelphia, Pa. 

" Professor of Mechanical Engineering, University of California, 
Berkeley, Calif. Mem. A.S.M.E. 


tention references which may be of value to the subject under 
discussion. These references books are by Wiinsch and Riihle,** 
and Wiinsch.” 


AuTHOR’s CLOSURE 


In preparing this closure, the author does’ not find time enough 
available to enable him to do justice to the extensive discussion of — 
his paper, particularly for the digesting of the foreign references. 
He wishes to thank those who contributed written discussion 
and also those who attended the Semi-Annual Meeting of the 
A.S.M.E. at Dallas, Texas, where the paper was read, for their 
support of further activity on this subject by an interested group. 
Such a group met informally at the Annual Meeting held in New 
York last December and, after expressing their immediate in- 
terest in terminology, agreed upon the desirability of continuing as 
a subcommittee of the Process Industries Division and of holding 
a conference at the coming Semi-Annual Meeting of the A.S.M.E. 
to be held in Detroit, Mich. In the meantime, further papers on 
this subject and further remarks on terminology are invited for 
consideration at this meeting. 

Some of the discussers apparently disregarded the intended 
scope of the paper: A tentafive and incomplete “layout” to 
encourage an A.S.M.E. group to agree upon an authoritative and 
more nearly complete report, possibly along the general lines of 
the present paper. It seems desirable that such a report, fol- 
lowing the example of those prepared by the A.S.M.E. Fluid 
Meters Research Committee, include material under three parts: 
(1) Instruments and regulators, per se; (II) regulator systems; 
and (III) factors affecting the selection and installation of one 
class or another of regulators for a given purpose, or process. 

On the whole, the author restricted the material in his paper 
to part I, although agreeing on the necessity for parts II and 
III for a complete treatment; part III being particularly desired 
by members of the Process Industries Division, as indicated in 
the discussion by Chairman Wichum who sponsored the present 
paper. 

The author agrees with his discussers that the material in part 
II is required for a general statement of the theory of regulation 
and submits that the discussions of Smith and Zucrow have par- 
tially supplied this complemental material. The author defends 
the restricted scope of the present paper as effectively high- 
lighting the regulator elements and their definitions as a prelimi- 
nary step for the understanding of complete regulated systems in 
part II. This was necessary for the introduction to this art of 
any one unfamiliar with regulators, and to facilitate the under- 
standing of subsequent and more advanced papers. 

Such a paper is an important work on turbine regulation* 
which follows the same general method used in the author’s 
paper, that is, analyzing the mechanical system to establish the 
pertinent differential equations and determining, from their so- 
lutions, the stability of the system with given regulator and system 
constants. It is apparent that the teachings of this paper in a field 
other than that of industrial regulation, should be readily appli- 
cable to this latter field. For this end, it is desirable to havea 
common terminology throughout the various fields of regulation, 
which terminology can be attained only by adherence, in technical 
publications, to the use of good English and the sacrifice therein of 
vernacular expressions (trade jargon) peculiar to the various 
fields. 

Taking the discussions in the order, as far as conveniently 
possible, of publication, MceMahon’s discussion, like the author’s 


32 “‘Massgeriite im industriebetrieb,” by G. Wiinsch and H. Rihle, 
Buchhandlung der technik, Goerg Hentschel, Berlin, 1936. 

33 “‘Superposed-Turbine Regulation Problem,” by A. F. Schwend- 
ner and A. A. Luoma, Trans. A.S.M.E., vol. 58, November, 1936, 
paper FSP-58-8, p. 615. 
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discussion** of Mitereff’s paper, begins by recognizing the dif- 
ficulties of transition from an art to a science. Most other points 
that McMahon brings up as new are to be found in the present 
paper. He is mistaken when he states that the paper lists four 
desirable qualities of an automatic regulator. Actually the paper 
states merely that the four points are pertinent, thus avoiding 
any figure of merit in its presentation. McMahon is unjustified 
in questioning the consistency of the author’s use of “sensitiv- 
ity” in the paper; it has been used throughout as defined 
conversely by the “insensitivity” (or ‘dead zone’’). Also, it was 
intended that exponent a clearly define the stability, the equations 
being solved either for the controlled variable or the controlling 
means. 

It is hoped that this paper will assist in organizing those in- 
terested in this subject to permit united progress. Of course, 
points remain that require settling by group discussion. The 
author suggests that the committee encourage papers to openly 
present differing views and, following them, to sanction the publi- 
cation of an A.S.M.E. report containing material agreed upon by 
the committee. 

Without attempting to answer G. W. Smith’s discussion in 
detail, it seems to the author that much of this falls under his 
proposed part II, especially the material on self-regulation. 
Although material of similar scope had been prepared by the 
author and E. R. Loud** working together, the author deleted it 
to restrict this paper more nearly to part I, i.e., introductory 
material for regulators per se. The Smith discussion helpfully 
refers to the work of Stein. It may be remarked pertinently 
here that generally it is desirable to be acquainted with more 
than one source. The author urges that Smith, working with 


discussers Spitzglass and Zucrow, rewrite portions of their present 
discussions as a paper laying a basis for discussion leading to- 


ward part II, that is theory of regulated systems. These men 
can do an excellent job of bridging the present lingual gap in this 
art, as they show a fortunate combination of facilities in Ger- 
man, higher mathematics, and regulation. 

It might be assumed from the discussions of Smith and Mitereff 
that the practical solution of an actual regulation problem is 
completed as soon as a differential equation has been set up. That 
this is not a fair assumption may appear from the Fairchild** 
quotation from Jeans, as well as from the following quotation 
from Trinks: 

“Creative practice pays no attention to these equations, 
because they are too complicated. It takes much longer to 
master and apply them than it takes to build a governor and 
try it. Besides, the practically important features can be ascer- 
tained much more easily from the limiting case. (Steady hunt- 
ing.) In spite of this condition, no apology is offered for the 
introduction of this brief sketch of the theory, because no one 
can ever appreciate the great usefulness of the simple equations 
of the limiting case unless he has wrestled for days, or even for 
weeks, with the solution of the complete equation. In the 
advanced volume a few examples of the complete calculation will 
be given for the benefit of those who wish to make the governing 
of prime movers a life study.” 

The tone of the Smith discussion makes it necessary for the 
author to point out that the paper as finally printed contained 
only one actual error or mistake. This was the omission, in 
Fig. 17 for the Class XII regulator, of the pilot valve called for by 
its context. Other and particular points raised by the Smith dis- 


%4 Discussion by Ed S. Smith, Jr., of ‘‘Principles Underlying the 
Rational Solution of Automatic-Control Problems,” by 8. D. Mitereff, 
Trans. A.S.M.E., vol. 58, January, 1936, p. 57. 

% Engineering Department, Builders Iron Foundry, Providence, 
R.I. The author is now hydraulic engineer with the C. J. Taglia- 
bue Manufacturing Co., Brooklyn, N. Y. 
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cussion are answered as follows: (1) As to self-regulation, it is 
commercially satisfactory to so design industrial regulators that 
the control valve carries the full burden of controlling resistance 
without benefit of self-regulation since any actual installation 
will generally have the benefit of some self-regulation in its sys- 
tem. (2) The context for Classes III and 1V seems to the author 
to make unnecessary the corresponding portion of this discussion. 
The curves showing the valve travel for such regulators are proper 
with piston-type pilots with gradually closing ports as the control 
point is approached. It is also true that these curves tend to 
become saw-toothed in shape with electrically operated switches 
in place of these pilot valves. Reconsideration of the author’s 
equations with these points in mind will show that they are 
correct, but that the curves may well be revised so as to appear 
more nearly saw-toothed in shape. These curves were stated in 
their introductory context as being cursory. (3) While regula- 
tion may seem very confusing from a purely mathematical view- 
point, in this connection refer to the clear physical analysis of 
Classes III, IV, V, VI, VII, and XII in the Spitzglass discussion. 
For instance, one questions that the devices shown in Fig. 3 of 
the paper and Class IV have equations with corresponding terms 
differing only in constants and not in order, since it has been 
established in practice that the regulator of Fig. 3 will stably 
control flow subject to much livelier disturbances than will the 
Class IV regulator. (4) As to the effect of regulator friction on 
hunting and the dead zone, evidently Mr. Smith has failed to 
consider adequately the work of Ivanoff** and also the common 
experience of those who have prevented the hammering of a water- 
closet valve by simply adding enough friction to absorb the 
kinetic energy of the unitary float valve and connecting lever 
arm (and the inertia effect of the water in the supply to the 
valve). In conclusion, none of the foregoing remarks are to 
be construed as minimizing the considerable value of the Smith 
discussion. 

Grebe’s discussion presents an extension of the author’s classi- 
fication, and attempts to apply a quantitative value to each 
of the classes, a matter that the author cannot comment upon 
inasmuch as it is one which would require open discussion. It 
also includes a revision of the author’s Fig. 17 for a Class XII 
regulator that agrees with the text, the author’s intent and his 
original sketch, which was departed from in the final preparation 
in an effort to improve the form but without adequate checking. 
It may be noted that this is a classical error, see the work of 
Hodgson and Robinson*’ in which in Fig. 14, page 37 the relay 
valve works the wrong way. This reference gives an otherwise 
clear treatment of regulators commonly used in steam power 
plants. 

The Spitzglass discussion emphasizes the principal difference 
between the various classes of regulators in practice, that is, the 
speed with which they can stably operate their control valves. 
It should be brought out here that a Class XII regulator can 
compensate for lag in the regulator itself sooner, and hence 
better than can a Class VII regulator. However, a regulator 
having its meter divided as in the Class XII regulator but other- 
wise as in Class VII would not seem to the author to produce 
any unanticipated results in the present advanced state of the art. 

As earlier noted, Zucrow’s discussion presents complements! 
material in part. Zucrow’s Equations [24] to [31], inclusive, 
seem to the author to duplicate his treatment substantially except 
that they are for steam instead of water, and are based on the 


3% ‘Theoretical Foundations of the Automatic Regulation of Tem- 
perature,” by A. Ivanoff, Journal of the Institute of Fuel, vol. 7: 
1933-1934, pp. 118-134. 

7 “‘The Development of Automatic Combustion Control Systems 
for Industrial and Power Station Boilers,” by J. L. Hodgson and 
L. L. Robinson, Proceedings of the Institution of Mechanical Eng- 
neers, vol. 126, 1934, pp. 59-169. 
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half cycle instead of the complete cycle of oscillation. However, 
Zucrow’s Equations [3la], [31b], and [3lc], and Fig. 6 of this 


discussion are noteworthy, although stated to be based on the | 


work of Wiinsch.* Actually it must be remembered that all 
of these equations neglect the water-hammer effects which oc- 
cur when a control valve is moved rapidly, i.e., the momentary 
increase in velocity-pressure resulting from the destruction of 
the momentum of the fluid in a pipe while the control valve is 
being closed producing a momentarily increased velocity there- 
through.*8 

Mitereff’s remarks are stimulating and on the purely math- 
ematical side. At the same time, it seems to the author that 
Mitereff’s mathematical generalization based on Fig. 7 of this dis- 
cussion, does not aid in the visualization of typical industrial 
regulators. Indeed, any such mathematical abstractions be- 
come dangerous when they become so far divorced from real- 
ity as to hinder the offhand recognition of equivalents, and thus 
deprive the engineer and inventor of the benefit of the check of 
his instinctive qualitative judgments based upon his practical 
experience with such devices. Offhand, Mitereff’s device shown 
in Fig. 7 of this discussion does not seem to represent the several 
sources of damping and lag noted by Smith, Zucrow, and the 
author. As to the problem of turbine regulation, the closure’s 
first reference** shows the present state of the art for steam 
turbines while other references*®” show the state of the water- 
turbine regulation art to be more advanced in 1930 than indicated 
by the context of Mitereff’s Equation [36]. 

The simple electrical analogy used by Fairchild is correct as 
far as it applies, which is only to “corresponding” regulators. It 
states broadly that with level regulation having capacity lag, 
there is a lag of 90 deg between controller and meter, which 
capacity lag cannot produce hunting in the absence of meter 
response lag. This raises the point that valve speed is rela- 
tively important. Consider any “noncorresponding” regulator 
for a given capacity lag in which the pilot supply and conse- 
quently the control-valve speed has gradually been increased until 
the stability is small. A further large increase of capacity lag 
will permit the valve to overtravel its proper control position 
long before the level has changed appreciably. With a reser- 
voir of infinite size, it is apparent that any finite valve speed 
and any finite stiffness of reset spring (in Class VII) will cause 
the valve to have unstable two-position regulation, even without 
the introduction of any metering lag. In other words, the sta- 
bility is related to the capacity of the reservoir as well as to the 
reset spring stiffness and valve speed. Fairchild, Smith, and 
Stewart*! mentioned another lag frequently met with in tem- 
perature regulation. This lag is the delay in transporting a 
heating medium from the controlling to the metering point 
which lag produces a phase angle depending upon the distance 
transported; in extreme cases the lag can be so great as to pro- 
duce an apparently leading phase angle in a steadily hunting 
system. 

The Downing discussion offers “variable detector” as a sub- 
stitute for “meter” in the author’s paper. ‘“Senser” and “re- 
sponder,” respectively for “variable sensitive means” and “vari- 
able responsive means,” are the only substitutes for “meter” that 
the author personally would consider acceptable. However, the 
Downing offering will receive consideration by the group. The 


*“The Gibson Method and Apparatus for Measuring the Flow 
of Water in Closed Conduits,” by N. R. Gibson, Trans. A.S.M.E., 
Vol. 45, 1923, pp. 343-392. 

_"“Changing Requirements in Hydraulic-Turbine Speed Regula- 
ton,” by F. Nagler, Trans. A.S.M.E., vol. 52, part 1, 1930, paper 
HYD-52-2, p. 13. 

“Mechanics of Hydraulic-Turbine Pressure Regulation,” by A. 
Pfau, Trans. A.S.M.E., vol. 52, part 1, 1930, paper HYD-52-4, p. 29. 

“ Mentioned in the introduction of the paper. 
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Downing discussion presents an interesting side light on classifi- 
cation according to the number of variables, besides demon- 
strating the practical necessity for reaching agreement on 
terminology. 

Yellott’s discussion raises the point as to controller “speed,” 
an important and convenient term that is commonly understood 
as the percentage of full controller travel per unit of time, a 
value immediately obtainable from the length of time required 
for the controller to move through its full travel. This use of 
“‘speed”’ seems preferable to introducing another “period” in a 
system where there already are two time durations: the period 
T of a complete hunting cycle and the interval t; required for the 
amplitude of the hunting oscillations to drop to 10 per cent of 
their value at the start thereof. 

Apparently Kimball’s “self-centering and self-restoring” prin- 
ciple is that described in the paper under the Class XII regulator; 
see Fig. 17 of the paper as corrected in Fig. 3 of the Grebe dis- 
cussion. 

The author particularly welcomes Carter’s suggestion for in- 
creasing the value of the proposed report to the important field 
of regulators used in power stations. 

The Lowe discussion expresses encouragement and apprecia- 
tion of efforts to standardize the terminology and simplify the 
presentation of the theory and practice of regulation. Such ideas 
must be shared by firms, such as he is associated with, to make 
possible effective work on this program. The author is glad to 
have this opportunity of thanking Chairman Wichum for his con- 
sistent interest in and support of this work of an educational 
nature, Rolnick for his helpful comments from his detached 
viewpoint, and Boelter, whose friendly interest over a period of 
years is likewise appreciated by the author. Professor Boelter 
in a further communication has furnished an interesting refer- 
ence*? for a bibliography on the subject under discussion. 

In conclusion, this subject is of present and increasing impor- 
tance to industry and engineers therein. The author urges all 
concerned to cooperate actively in forwarding a program that will 
at least reduce the present “lag’”’ between the progress of industrial 
regulators and their technical literature. Unfortunately most of the 
burden of this work must necessarily fall upon the more numerous 
users since the limited technical staffs of the much fewer regulator 
manufacturers are generally unavailable or without adequate 
stenographic assistance for this task. After all, these reports are 
intended for the use of the industrial engineers and their associated 
staffs rather than for the purpose of reference for designers of 
regulators. However, the active cooperation of both groups is 
essential and to their mutual interest. 


The Accuracy of the Cleanliness- 
Factor Measurement for 
Surface Condensers’ 


JosepH GERSHBERG.? The proper criterion for the accuracy 
of sampling with old test tubes is the agreement between the 
average heat transmittance of these tubes and that of the entire 
condenser. Comparison of values of U given in Table 1 of the 
paper shows that the average heat transmittance for four loads 
on each day of test as determined by old test tubes differs from 


42 ‘‘Physicalische Kontrolle und Regulierung des Betriebes,”’ vol. 2, 
part 1, ‘‘Kontroll- und Reguliereinrightungen,” and part 2, ‘‘Mengen- 
messungen in Betriebe,’’ Eucken-Jakob (8 parts) der chemie In- 
genieur. 

1 Published as paper FSP-58-5, by P. H. Hardie and W. S. Cooper, 
in the July, 1936, issue of the A.S.M.E. Transactions. 

? Chief Testing Engineer, The New York Edison Company, Inc., 
New York, N. Y. Mem. A.S.M.E. 
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the similar average for the entire condenser by —0.4 per cent 
on the first day (runs 1 to 4), —5.3 per cent on the second day, 
+1.0 per cent on the third day, and —2.0 per cent on the fourth 
day. Correction for average fouling does not alter these differences 
appreciably. Average cleanliness factors computed on the basis 
of a correct constant overall value of U,, which would obtain if 
an adequate number of new sampling tubes were employed, 
therefore, will indicate the same disparity between a sample of 
old tubes recommended by the authors and the entire condenser 
as in the case of heat transmittances. Inadequacy of six new 
tubes in a sample of 24 tubes to represent correctly the entire 
condenser can be readily recognized from the study of values of 
U,, computed from the data in Table 1 of the paper. Comparison 
of average U,, for a 24-tube sample with that for a 96-tube sample 
shows a difference of +0.1 per cent for runs on the first day, 
—2.2 per cent on the second day, +4.0 per cent on the third 
day, and —2.0 per cent on the fourth day. It is to be noted 
that U,, is practically the same on the second and fourth days, 
which fact definitely indicates that the error in cleanliness 
factor due to a 24-tube sample on those days is —5.3 per cent and 
—2.0 per cent, respectively. Yet according to authors’ method 
of comparison these errors are —1.8 per cent and + 1.8 per cent. 
The discrepancy is obviously masked by deviations of heat trans- 
mittances from a true value in both new and old tubes of 24-tube 
samples. 

The authors’ tests show quite conclusively the futility of 
obtaining assured accuracy of sampling with old tubes. Why 
such a sample after all? It is not justified, since the value of the 
bulk can be readily determined. Would it not be better to meas- 
ure the heat transmittance of the entire condenser and to 
establish a fairly accurate value of U, by use of an adequate 
number of new tubes judiciously distributed throughout the con- 
denser? It seems a greater accuracy in the measurement of 
cleanliness factor will be thus obtained, perhaps at less cost. 


J. F. Grace.* The authors determined, as shown in Table 2 
of the paper, that the average cleanliness factor for the 96 tubes 
was 0.509 and that the average heat transmittance U,, of new 
tubes was 596 Btu. For the sample tubes in the front-line 
groups such as N, P, R, and S near the steam entrance to the con- 
denser, the authors’ Table 2 shows for group N that CF = 0.478 
and U,, = 715 Btu, for group P that CF = 0.478 and U, = 694 
Btu, for group R that CF = 0.486 and U, = 737 Btu, and for 
group S that CF = 0.456 and U,, = 677 Btu. These values show 
that the heat transmittance of these groups is above the average 
of the 24 clean sample tubes and that the cleanliness factors of 
the adjoining foul sample tubes are below the reported average 
cleanliness. In such groups as Q, W, and 7’, adjoining the front- 
line groups, the authors’ Table 2 shows for group Q that CF = 
0.536 and U,, = 592 Btu, for group W that CF = 0.525 and U, 
= 532, and group T that CF = 0.575 and U, = 480. The 
heat transmittances of these groups are below the average of the 
24 clean sample tubes while the cleanliness factors are above the 
average. 

These values coincide with those given by Seider* and by 
Tinker® which indicate that the same thickness of film which 


*? Condenser Engineer, Worthington Pump and Machinery Cor- 
poration, Harrison, N. J. Mem. A.S.M.E. 

4‘*‘Application of Fouling Factors in the Design of Heat Ex- 
changers,” by E. N. Seider, Fig. 6. This paper was presented at the 
Annual Meeting of THz AMERICAN SocireTy OF MECHANICAL ENGI- 
NEERS, held in New York, N. Y., December 4 to 8, 1933, and was 
printed in a special publication ‘‘Heat Transfer,’ by the A.S.M.E. 

5 “Surface Condenser Design and Operating Characteristics,” by 
T. Tinker, presented at the Semi-Annual Meeting of The American 
Society of Mechanical Engineers held at Chicago, June 25 to July 1, 
1933. This paper received the A.S.M.E. Junior award for 1933. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


reduces transmittance 17 per cent below a clean-surface perform- 
ance of 500 Btu will reduce transmittance 25 per cent below a 
clean-surface performance of 800 Btu shown by a high heat- 
transfer tube closer to the steam entrance or favored by higher 
water velocity. 

Therefore, if front-line sample groups in locations where tubes 
are widely spaced, such as groups N, P, R, and S in the authors’ 
Fig. 1, represent less than average condensation per sample 
group and also reduce the cleanliness factor calculated for the 
entire condenser, they are largely, if not entirely, responsible for 
the bend in the diagonal line plotted in Fig. 4 of the paper. This 
effect is to the advantage of the manufacturer and to the dis- 
advantage of the owner. 

Choice of location or weighting to represent equal weight of 
condensation per sample group may thus prove of greater im- 
portance than the number of groups of sample tubes. 


Pau Bance..* It is noted that runs 9 to 12, inclusive, in the 
authors’ Table 1 give results of condenser performance about the 
middle of the four-day test period. The cleanliness factors 
obtained during these runs agree closely with the results for mean 
cleanliness conditions given in Table 2 of the paper. It is ob- 
served from the authors’ Table 2 that runs 9 to 12, inclusive, in- 
clude tests of isolated groups of top tubes N and R and that the 
heat transmittances of these groups are the highest isolated values 
attained under the prevailing cleanliness. 

If all the tubes in the condenser could have been top tubes, 
which is an ideal condition of 100 per cent tube-nest efficiency, 
they would have worked at the transmittance rates of groups NV 
and R, or approximately 350 Btu. Table 1 of this discussion 


‘shows that the actual performance during the maximum-load 


run No. 12 was 87.5 per cent of the performance of groups N and 
R. This is the apparent tube-nest efficiency and is analogous to 
the Rankine cycle efficiency of a turbine. The average for all 
loads, as noted in Table 1 of this discussion, was 83.5 per cent. 

It is true that the average cleanliness factor for groups N and R 
is 0.482 whereas it is 0.504 for the entire condenser during runs 
9, 10, 11, and 12, because the lower tubes are progressively cleaner. 
This is an advantage of the particular design. The tube-nest 
efficiency referred to top tubes under the existing conditions 
profits by reason of the design and is correspondingly higher than 
it would be with clean tubes. 


TABLE 1 TEST PERFORMANCE OF TUBES DURING RUNS TO 12 


Ue for 
Run Load Observed CF from oups Ue/Uo 
no. 10° Btu CF U Table 24 Ue and R per cent 
11 559 0.50 275 0.509 280 345 81.0 
10 690 0.50 284 0.511 290 349 83.0 
9 907 0.50 291 0.507 295 356 83.0 
12 1239 0.48 298 0.490 305 349 87.5 
vg ae 0.495 287 0.504 293 350 83.5 


@ Values taken from Table 2 of the paper. 
CF = cleanliness factor. 
U = overall condenser heat transmittance, Btu per hr per sq ft per deg 
Ue = overall condenser heat transmittance corrected. 
Uo = heat transmittance for old tubes. 


H. G. Hresever.’? The authors have in this, and in their pre 
vious paper,® made important contributions to the art of measure 
ments of performance of steam-condensing units. The last three 
condensers at the Deepwater (Houston) station have been the 
subject of check for the comparison of performance with manv- 
facturers’ guarantees. The testing methods were substantially 


* Ingersoll-Rand Company, New York, N. Y. 

7 Assistant Superintendent of Power, Houston Lighting & Powe 
Co., Houston, Texas. Mem. A.S.M.E. 

‘A Test Method for Determining the Quantitative Effect o. 
Tube Fouling on Condenser Performance,” by P. H. Hardie and 
W. S. Cooper, Trans. A.S.M.E., vol. 55, 1933, paper RP-55-3, p. 37- 
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those developed at Brooklyn and described by the authors in 
their previous paper. 

It hardly seems necessary, in view of the thorough manner in 
which the Brooklyn Edison data have been prepared and ana- 
lyzed, to review the similar data from the Deepwater tests and 
the writer will confine himself to commenting on the results ob- 
taining on the tests of the last condenser, a 35,000-sq ft single- 
pass unit, having 6370 tubes, 7/s in. OD, no 18 Bwg, 24 ft long, 
serving a 35,000 kw turbine. Two two-speed circulating pumps 
having a combined total delivery of 63,000 and 87,000 gpm, re- 
spectively on low and high speeds were installed. 

A series of 42 tests were run of an average duration of 50 
minutes each with readings recorded simultaneously at five- 
minute intervals. Data were taken with machine loading corre- 
sponding to approximately one-half, three-fourths, and full- 
rated machine capacity. The condensate was measured by a 
calibrated venturi meter and all heat-transmittance calcula- 
tions were based on the absolute pressure and temperature 
existent near the condenser inlet throat since the guarantee speci- 
fied the back pressure should be measured within 24 inches of the 
turbine-exhaust opening. For the temperature and pressure 
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conditions of these tests and the design of the condenser there 
was apparently very low pressure drop through and around the 
tube bundle. 

The number of test tubes used in each series was twelve, com- 
prising four groups of one clean and two dirty tubes in each of 
four quadrants. These tubes were selected at random adjacent 
to or on the periphery of the tube bank. It was felt that in such 
locations the tubes would receive sufficient quantity of steam to 
satisfy their individual capacities to condense. Such location 
would also probably give high temperature rise increasing the 
accuracy of measurement. It is believed that the cleanliness 
factor as found by the use of the tubes on the outside of the bundle 
reflects the condition throughout the test bundle within the 
limits of accuracy possible. 

Fig. 1 of this discussion shows the relation of unit-transfer 
tate U of old test tubes on periphery of bundle to that of the 
condenser as a whole. This ratio might be considered an index 
ora measure of “bank efficiency” or steam penetration and seems 
independent of water velocity or tube cleanliness (through test 
range) but varies with the loading of the unit. 

The writer cannot wholly agree with the authors’ conclusion that 
less than sixteen test tubes give inaccurate or incorrect results on 
units of 7500 or less tubes. Small condensers do not warrant 
the refinement in testing possible with larger units and this factor 
should be considered. We check the authors’ conclusion that 
cleanliness-factor relation to overall performance is not a straight 


line but the test range for our tests (53-87 per cent) was too short 
to draw definite conclusion as to the shape of the curve or the 
effect of circulating temperature variation (88-94 F) through 
these tests. 

Considerable variation was found in the transfer rates of new 
tubes, a total of 28 new tubes being tested in one condenser alone. 
A variation in excess of 10 per cent each way from the average of 
28 tests at comparable temperatures and velocities was obtained 
on both the high- and low-speed runs. This could not be ex- 
plained on the basis of location of the tubes or other recognizable 
factors and raised the question as to how closely it was possible to 
determine condenser cleanliness until the standard against which 
it is measured is more definitely fixed. While agreeing with the 
authors that tests should be made in place in the condenser, and 
with circulating water from main sources which was also done in 
the writer’s case, it is believed that considerable work with the 
tube calorimeter might be done to determine how much variation 
in performance might be expected between ‘‘new tubes” as re- 
ceived from the manufacturer or taken from stock. Some new 
tubes were tested exactly as received, some after being flushed 
with gasoline or benzene to cut any grease that might be present 
(this at the suggestion of the condenser manufacturer) with no 
discernible effects in reducing the variation in heat-transfer rates 
between several new tubes. 

It might be added that the condenser was expected to meet per- 
formance with 90 per cent tube cleanliness as referred to new 
tubes. The 10 per cent allowance represented design margin 
allowed to take care of the formation of oxide film on the outside 
and other factors. It was recognized that 100 per cent cleanli- 
ness would never be obtainable in service and it was assumed that 
90 per cent would represent the maximum condenser cleanliness 
obtainable by the best possible cleaning methods under operating 
conditions. The 10 per cent may be thought of as representing 
factors common to any condenser and not attributable to local 
water conditions. It is interesting to note that the condenser 
cleanliness factor averaged about 75 per cent and varied from 53 
to 87 per cent of new tubes on the same test. Several mechanical 
methods of cleaning were tried. Best results seemed to be ob- 
tained by rodding with wire brushes. Incidentally the variation 
in cleanliness factor could not be attributed to the variation in 
heat-transfer rates of new tubes although apparently this in- 
fluenced it somewhat. 

It would appear that the whole question of determining con- 
denser performance hinges on the ability to measure with rea- 
sonable accuracy the water pumped, the steam condensed, the 
quality or the heat content of the steam condensed, and the ab- 
solute pressure in the condenser shell. It is believed that the 
measurement of water temperatures, the steam condensed, and 
the quantity of water flowing through the test tubes as outlined 
in the authors’ previous article can be done very accurately. 
However, the measurement of the water pumped and determina- 
tion of heat content of the steam to the condenser are more diffi- 
cult as is the measurement of vacuum. The mercury-column 
gages and temperature readings indicate a wide discrepancy at 

several points in the condenser neck as might be expected. Final- 
check agreement of absolute pressures as measured by the col- 
umns and the thermometers was obtained within 0.02 in. Hg after 
all possible care was used to avoid impingement or eddy effects. 
For the vacuum conditions and steam velocities of this installa- 
tion these effects are probably of small magnitude compared to 
those which would be secured with lower absolute pressures 
and higher velocities obtaining under colder-water installations. 

It is felt therefore that the tests which were conducted have 
contributed much to the knowledge of condensers, to the 
maintenance of performance of such units, but one cannot 
feel wholly satisfied that under the present conditions or the 
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methods outlined the absolute performance of a unit is closely 
measurable. The authors are considered on the right track but 
refinement of testing methods and further investigation are neces- 
sary before drawing any but very general conclusions. 


AvurHors’ CLOSURE 


Mr. Gershberg, in basing his analysis entirely on the values of 
heat transmittance, has obviously missed an important point 
which was covered in the paper, namely, that the heat trans- 
mittance is affected by several variables only one of which is the 
cleanliness factor. He has overlooked the fact that it is im- 
possible to know, except very roughly, what sample-tube positions 
will be representative of the steam conditions throughout the 
tube bank. By making measurements on adjacent old and new 
tubes the authors avoided this pitfall. 

Mr. Gershberg suggests that the cleanliness factor be deter- 
mined by using the overall heat transmittance for U,, and an 
adequate number of new test tubes to determine U,. Although 
this method appears to have some advantages the authors do not 
believe it could be relied upon unless a large number of new tubes 
were employed. The positions selected, as pointed out in the 
preceding paragraph, would have an effect upon the results 
which could not be predicted. Furthermore, by increasing the 
number of new tubes to be installed the cost of the test is more 
likely to be increased than reduced. 

Mr. Grace calls attention to the fact that the choice of sample- 
tube locations and the method of averaging are important as well 
as the number of sample tubes. The authors agree with Mr. 
Grace, but they wish to emphasize that if the sample tubes are 
distributed so that all parts of the condenser are represented, 
considerable latitude in selecting positions is possible without 
adversely affecting the results. This is illustrated in the test 
reported since the measurements of the overall cleanliness factor, 
using the different groups selected for each of the four days, 
gave approximately the same values. 

Regarding the method of averaging, the overall cleanliness 
factor if properly determined must not only give weight to the 
individual values of the fouling according to the load on each 
section, but must also include a position factor, since the same 
degree of fouling does not reduce the heat transmittance the same 
in all positions. Mr. Grace seems concerned about what amounts 
to the position factor in the method of computation proposed. 
He implies, by his reference to the papers by Seider* and by 
Tinker,® that the fouling resistance R,, where 


is a better expression to use than the cleanliness factor. As can 
be seen from this equation the fouling resistance is computed 
from the same data as the cleanliness factor. Either could be 
used. From the test data obtained so far, the fouling resistance 
seems to be almost unaffected by water velocity and the tube 
position, but susceptible to a much greater error than the cleanli- 
ness factor if the exact steam temperature at each tube is not 
known. 

The fouling resistance may be a better indication of the con- 
dition of an individual tube. However, since the fouling resist- 
ance for each tube must be weighed by the position factor in 
order to determine the overall fouling resistance, there is no 
advantage in its use over the cleanliness factor which already 
includes the position factor as well as the condition factor. The 
authors, therefore, cannot agree with Mr. Grace’s opinion that 
the method of computation used accounts for the bend in the 
diagonal line in Fig. 4 of the paper. 

Messrs. Bancel and Hiebeler discuss another valuable use that 
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can be made of the sample-tube data. The tube-nest or tube- 
bank efficiency is valuable information which should be deter- 
mined on all condenser tests. 

Mr. Hiebeler’s discussion should prove very illuminating to 
any one attempting to make a cleanliness-factor measurement for 
the first time. While it is impossible to analyze the causes of 
his not feeling wholly satisfied with the results obtained from the 
cleanliness-factor measurements, the authors would like to point 
out a few things which they suspect might have reduced the 
accuracy otherwise obtainable. First of all, to assume that 
tubes in any one part of the condenser are representative of the 
entire condenser is open to question. Even though this were 
true, there would still be an appreciable error because the cleanli- 
ness factor includes the position factor (discussed previously) 
and only the outside positions were represented. A total of 24 
test tubes instead of 12 would have undoubtedly given more 
consistent results. 

It is true that new tubes are not an absolutely uniform standard 
but they are the best we have to work with. As much as 10 per 
cent variation in new tubes has also been noted by the authors, 
but when as many as six new tubes were used a fair average 
value has been obtained. Possibly, some of the disagreement 
between new tubes obtained by Mr. Hiebeler was due to other 
causes, such as, rapid fouling between the time of installation and 
the beginning of the test. 

Mr. Hiebeler states that the cleanliness factor of the condenser 
at the Deepwater (Houston) station was expected to be 0.% 
after cleaning, but that the nearest to this value actually obtained 
for an individual tube was 0.87 after trying several methods of 
cleaning, and the average was 0.75. This illustrates a point 
which the authors have been emphasizing, namely, that even 
though the cleanliness-factor measurement is not perfect it is 
reasonably reliable and certainly far better than any guess. 


Failure of Metals Due to Cavitation 
Under Experimental Conditions’ 


Max Kurrein.? The author has presented some excellent 
micrographs showing variation of structure as a result of mechani- 


Fig. 1 Cracks In A SPECIMEN CAUSED BY A PuncH PREss STRIKING 
One CoRNER OF THE SPECIMEN 


1 Published as paper HYD-58-1, by H. N. Boetcher, in the July: 
1936, issue of the A.S.M.E. Transactions. 

? Professor, Hebrew Technical College, Hadar Hacarmel, P.OB. 
955, Haifa, Palestine. Mem. A.S.M.E. 
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cal deformation due to outside forces. The author ascribes 
these variations to fatigue, that is, repeated impacts each of 
which is too small to produce the shown deformation. The 
writer would like to refer to Figs. 7a and 10 in particular. It has 
been known for more than 30 years that every outer deformation 
of a piece of work causes an adequate deformation of the micro- 
scopic structure in the grains of the material, but the writer 
believes that the author’s Figs. 7a and 10 are the first examples 
of asimilar relation due to fatigue. Assuming that the concentric 
deformation of the grains in Fig. 7a is caused by repeated impacts 
at one point near the middle of the upper portion of this figure, 
the writer would like to call the author’s attention to Fig. 1 of 
this discussion. 

Fig. 1 of this discussion, showing the same deformation as the 
author’s Fig. 7a, was obtained by the writer while engaged in 


Fic. 2 Sires Banps on A SHEARED SURFACE 


research on certain punch press work. During the research study, 
the test piece was not parallel and was apparently struck on only 
one corner by the punch, thus distributing the deformation from a 
center. 

Fig. 2 of this discussion, also obtained by the writer in the 
previously mentioned research, shows slip bands on a sheared 
surface, similar to those shown in the author’s Fig. 10. As in 
the case of the author’s tests, Fig. 2 of this discussion shows that 
the zone of influence penetrates on a sheared piece only a short 
depth from the sheared surface of the material. Beyond this 
depth the structure of the grains is not affected at all. Since 
the author’s tests were made by impact and the writer’s tests 
were made by application of a steady load, and the results of 
both tests showed the same characteristics, it would seem that 
the transmission of forces and deformation in loaded bodies must 
be sought in a direction heretofore not investigated. 


AvuTHOR’s CLOSURE 


As Professor Kurrein states correctly, the deformation of the 
grain structure by outside forces, such as shown by his Fig. 1, is a 
well-known and rather commonplace condition. The appearance 
of slip bands under fatigue conditions is not a novel discovery 
tither. I refer, for instance, to many excellent illustrations in 
= . Gough’s book on “The Fatigue of Metals” as published in 

4, 


The peculiarities of cavitation make it inadvisable to assume 


concentration of repeated impact stresses in any one spot as sug- 
gested by Professor Kurrein. Cavitation, especially under the 
accelerated conditions of the tests, exposes the affected surface to 
a series of blows hitting it in very much the same manner as a rain 
shower does the ground. Investigational work carried out after 
presentation of the paper at the 1935 Annual Meeting of the 
A.S.M.E. and intended to establish the reasons for the apparent 
lack of influence of corrosion resistance on cavitation fatigue 
showed the rain of blows to result in a kneading action with 
stresses exceeding the yield strength of even the strongest metals 
in a surface layer. This overstressed layer, though often ex- 
tremely thin, absorbs the effects of corrosion and makes it pos- 
sible for fatigue failures to appear and progress in the underlying 
metal depending entirely on mechanical properties and conditions. 
Further details are given in a paper by the author which appeared 
in Zeitschrift, V.D.I., vol. 80, December 12, 1936, p. 1499. 


Arc Welding Structural Alloy 
Steels’ 


F. T. LLEWELtyn.? Although this paper is admittedly only a 
progress report, it presents valuable information relative to a 
large and meritorious program of investigation that is being 
carried out by the author at the Watertown Arsenal. While 
many of the results will have wide application, the writer believes 
that the title of the paper should be qualified by some such phrase 
as, “especially as applied to the construction of ordnance.” 
Otherwise there is the danger of assuming that the conclusions 
are lirectly applicable in all fields of welding. 

The author recommends that a maximum limit of 0.25 per cent 
be set on the carbon content of weldable alloy steels. A suspicion 
arises that he rather expects steel makers to take issue on this 
point. The writer sees no reason to do so. Indeed, it is his re- 
action that, in some cases, the author’s proposed limit may be too 
liberal. 

The report lists 13 different grades of low-alloy high-tensile 
steel. Apparently the only properties on which tests have so far 
been completed are ultimate and yield-point values. Based on 
these properties alone, the author presents a comparison by the 
aid of which he suggests that designers may select the grade 
which should most satisfactorily meet their strength require- 
ments. The author quite properly points out, however, that 
other factors may change the desirability of any of these steels 
for a given welded structure. 

It is assumed that the final report will present a more compre- 
hensive classification that takes impact resistance into considera- 
tion. The behavior of a few of the grades under tension impact 
is shown in the charts and doubtless, when all the tests have been 
completed, the author will present another classification in which 
all the results are included. Meanwhile, designers should recog- 
nize that the comparison is not yet complete. 

In addition to the properties included in the Watertown inves- 
tigation, there are frequently cases where resistance to fatigue 
and to corrosion become critical. These properties also should 
be considered in any attempt at a general ranking. In indus- 
trial applications the comparative cost per pound of the respec- 
tive steels is another feature which will sometimes determine 

their optimum suitability in a design. 

The author is to be congratulated on this progress report. 
His final report will be awaited with interest. 


1 Published as paper MSP-58-3, by W. L. Warner, in the October, 
1936, issue of the A.S.M.E. Transactions. 


? Research Engineer, United States Steel Corporation, New York, 
N.Y 


0 
of > 
ie 
it : 
e 
at : 
he 
re 
li- 
24 

A a 
3 
: 
ad 
C4 a 
[KING : 
July 


146 


Operating Experience With Pulver- 
ized Texas Lignite in a Large 
Central Station’ 


H. E. Martin.? The author has recorded in a broad and inter- 
esting manner a development having significance from a variety 
of angles. The fact that Texas lignite continues to be used at 
the Trinidad station in competition with the oil and gas fuels 
that are now available at low cost, has demonstrated the feasi- 
bility of utilizing this fuel as a prime source of power generation. 
Texas is thus assured that its enormous lignite resources will 
constitute a source of cheap power regardless of the market and 
supply conditions in the more popular oil and gas fuels. Greater 
use of this fuel may be expected. 

The author points to low fuel costs at the plant and desired 
availability of equipment as being controlling factors in the 
design of the plant. This has resulted in designs and arrange- 
ments of equipment that for this size of plant are unique in their 
simplicity, of which the single-pass boilers operated on natural 
draft without air heaters or economizers are examples. The sim- 
plicity of this station may be studied with profit by other de- 
signers, especially for locations where fuel is cheap. 

Those interested in the extension of the use of pulverized fuel 


1 Published as paper FSP-58-4, by Norman G. Hardy, in the May, 
1936, issue of the A.S.M.E. Transactions. 
2 Babcock & Wilcox Company, New York, N. Y. Mem. A.S.M.E. 
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will take satisfaction in observing this large commercially suc- 
cessful installation using low-grade lignites as fuel. The bin 
system of pulverized-fuel firing is used, although since the initial 
installation was made in this station the direct-fired system has 
come into more general use, and it is to be expected that in future 
installations consideration will be given to this still simpler and 
less expensive system. ‘Tbe author’s comments on the problems 
involved in such a system based on his observations would be of 
value. 

The high moisture content to be evaporated in the furnace 
together with the rather large areas of bare-tube waterwalls are 
responsible for low furnace temperatures. It would be interest- 
ing to know the effect of hotter furnaces on performance and 
more especially on the superheat curve, which the author states 
is steeper than anticipated. 

It will be noted that the boilers installed in 1931 are of the 
cross-drum single-pass type with converging gas pass. The 
boiler has a low draft loss and is ideally adapted to natural-draft 
operation. No capacity limitations of any kind appear to have 
been reached in connection with the boiler. 

The designers and operators are to be congratulated on the 
performance of this station. If the plant were to be built today 
taking advantage of the latest developments, it is quite safe to 
predict that pulverized fuel would be retained, as would simplic- 
ity of design and moderate efficiencies. Modifications would 
likely be made in arrangements of equipment and of heating 
surfaces made available since the existing plant was built. 
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The Prevention of Failures of Surface- 


Condenser Tubes 


By R. E. DILLON,' G. C. EATON,? BOSTON, MASS., ann H. PETERS,? CAMBRIDGE, MASS. 


This paper describes the developments in the preven- 
tion of failures of surface-condenser tubes in the steam- 
electric generating stations of The Edison Electric Illumi- 
nating Company of Boston. The authors apply the 
latest theories of destructive cavitation to show that the 
inlet-end wastage of tubes in a single-pass condenser is 
the result of vortices in the inlet water box. These vor- 
tices result in destructive cavitation which starts when the 
water pressure at a point approaches the pressure corre- 
sponding to the water temperature, and the cavities in 
the water are filled with vapor. When the existence condi- 
tion for the vapor disappears through increase of pressure, 


| the vapor bubbles condense and very high impacts on 


adjacent surfaces result. Tiny particles are broken from 


) the surface by repeated impacts, making larger and larger 


pits, and eventually holes through the tube are produced. 


_ Guide vanes installed in the inlet water box of the con- 


denser have effectively prevented the vortices from form- 
ing. 


INCE the early years of this century, the steam-electric 
S generating stations of The Edison Electric Illuminating 
Company of Boston have been the testing ground for 
surface condensers. With the full knowledge that the surface 
condenser can be the source of a major yet preventable loss of 


_ power-plant efficiency, the engineers of this company have been 


indefatigable in their efforts to develop and apply practical ways 


' and means of keeping surface-condenser tubes clean and to in- 


» crease the economic life of the condenser tubes themselves. It 


! Superintendent of the Generating Department, The Edison Elec- 


» tric Illuminating Company of Boston. Mr. Dillon was graduated 


from Massachusetts Institute of Technology in 1910. After six 


| months with the North Packing and Provision Company, he entered 


the employ of the Edison Electric Illuminating Company of Boston 


» and before promotion to his present position was successively head of 


the Steam and Chemical Division of the Standardizing and Testing 


' Department, technical engineer, and assistant superintendent in 


the department he now heads. 
*Head, Mechanical Technical Engineering Division, Generating 


| Department, The Edison Electric Illuminating Company of Boston, 


Jun. A.S.M.E. Mr. Eaton was graduated from Harvard College in 
1923, and from the Harvard Engineering School in 1925. Since 1925 
he has been employed as a mechanical engineer in the division he 
now heads. 

* Assistant Professor of Aeronautical Engineering, Massachusetts 
Institute of Technology. Dr. Peters received his Dipl. Eng. degree 
from the Technische Hochschule of Darmstadt, in 1925, and his Dr. 
Eng. degree from the Technische Hochschule of Munich, in 1930. 
For five years he was assistant at the Kaiser Wilhelm Institut fir 
Stromungsforschung. In 1931 he became Research Associate at the 
Massachusetts Institute of Technology, where in 1935 he was ad- 
vanced to his present position. 
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is with the second of these endeavors concerning surface condens- 


ers that this paper deals. 


Some 25 years ago, in cooperation with the condenser-tube 
manufacturer who developed the process, tubes of Admiralty 


metal made by the cup-drawn method were tried out in the sur- 
face condensers serving the vertical turbines in the early section 


of the L Street Station in South Boston. Steam at 200 lb per 


sq in., and 500 F operate these turbines. The results of the early 
experiments and developments were very gratifying. Dezinci- 
fication and consequent tube failures sharply decreased. A 
large portion of the Admiralty tubes installed at that time are 
still in service due to developments which will be discussed in 
this paper. 

With the reduction of dezincification, the phenomenon of 
inlet-end wastage of condenser tubes was made more pronounced. 
It was noted that this wastage was concentrated within the first 
few inches. Since the tubes were packed with corset lacing and 
ferrules, the use of longer or extended ferrules was tried in the 
hope of confining the wastage to the replaceable ferrule. Moder- 
ate success was achieved by this method. 

The replacement of extended ferrules, while much cheaper than 
tube renewal, was nevertheless expensive. The idea of lining the 
inlet end of the tubes with a bushing which could be easily inserted 
and readily replaced was conceived and developed (see Fig. 1). 
An effort was made to conform the inside surface of the bushing to 
the shape of the vena contracta in order to remove at this point 
the turbulence and high vacua with consequent air liberation 
from the circulating water. This turbulence and air liberation 
were at that time blamed for the inlet-end wastage of the tubes. 


Fie. 1 INSERTED IN TuBE Packep Corsst Lacinea, 
Fiser WASHER, AND SCREWED FERRULE 


The inlet-end bushing was a pronounced success and a major 
step in the prolongation of tube life. There was but one detri- 
mental effect of the use of the bushings upon the condenser tubes 
themselves. The tapered or downstream end of the bushing 
(see Fig. 1) cannot be made infinitely sharp or to fit exactly the 
inner surface of the tube. As the result of these practical limita- 
tions, there is an irregularity or shoulder in the combined inner 
surface of bushing and tube, after which minor tube wastage 
usually occurs. This effect upon the tube has been minimized 
by installing subsequent bushings of increased length to cover the 
slightly wasted portion of the tube. The bushings have invari- 
ably required replacement before the tube wastage at this point 
has become serious. 
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Fie. 2. Stnete-Pass ConpDENSER WiTH Pumps AND CONNECTED INLET PipING As INSTALLED AT THE EpGAR STATION 


The problem of tube cleaning when bushings are installed has 
been successfully solved by the use of bristle brushes six to eight 
tube diameters long. These brushes are inserted at the inlet end 
of the tube and “‘shot’”’ through the tubes by a “gun” admitting 
a turbulent mixture of water and compressed air behind the brush. 


CONDENSER 


The first single-pass condenser to be installed in a Boston Edi- 
son station was placed in service in 1927, and soon after it was 
equipped with bushings. Until this installation, only two-pass 
and four-pass condensers were in use at the L Street and Edgar 
Stations. The life of the tubes in these multipass condensers 
was entirely satisfactory and has continued to be so after the in- 
stallation of the bushings previously described. The new single- 
pass condenser required complete retubing in 1932 after but five 
years of service. The necessity of this retubing had until the 
last two years been attributed very largely to the unsuccessful 
use of an inferior type of chlorinating equipment for treating the 
circulating water to inhibit slime formation in the tubes. Subse- 
quent experience with the second set of tubes has shown that un- 
due weight was given to the effect of improperly used chlorine 
gas on the first set of tubes, although there is no question but that 
its use materially hastened tube replacement. 


Searcu ror Mersops or Arr LIBERATION 


The very early failure of a considerable number of the second 
set of tubes near their inlet ends but beyond the downstream 
ends of the bushings caused the engineers to renew their search 
for causes of tube failure. 

In order to observe and to understand more clearly the condi- 
tions existent on the water side of the condenser, observation 
windows were installed in four access doors of the inlet water box 
together with adequate illumination. Two of these windows 
were located just above the horizontal center line of the water 
box and the other two near its top. Observations through 
these windows showed that in the upper third of the water box 
there was a highly turbulent mixture of from very large to very 
small air bubbles and water. Also in this upper third of the water 
box, for long and for short periods of time and sometimes almost 
continuously, long ribbons of air surrounded by a spinning mass 
of air-bubble-and-water mixture would run from the mid-portion 
of the water box to the tubes. 
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Fre. 3 Tuses Removep From Conprenser Dvnixé 
Four YEARS oF OPERATION 


Attempts to reduce the air liberation had of necessity to 
confined to the reduction of minor turbulence in the water bo 
and connected inlet piping, pumps, and intake tunnel. Irregt 
larities in the inside surfaces of these passages were removed 
smoothed wherever practicable, the pump impellers and casil¢ 
were checked for exact alignment, and air leakage at the packin# 
was minimized. The inlet tunnel was vented to insure that 
accumulation of air would form near its roof to be drawn at inte 
vals into the pump suction lines. Vertical baffles of vario# 
lengths attached to the braces in béth inlet and discharge ws 
boxes were tried in an attempt to reduce the surging that ¥# 
also observed. Two circulating-water pumps were used i 
of the usual one to reduce velocities with the accompanying 
lence and air elimination. 

These efforts brought little or no improvement in the obserted 
conditions, and tubes failed in increasing numbers. Thus, " 
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arrangement of water box, connecting piping, and pumps shown 
in Fig. 2, no small changes would reduce the air liberation then 
believed to be the sole cause of the tube failures. Causes other 
than air liberation were then looked for in the hope of solving the 
acute problem without redesigning the existing equipment. In 
this connection the cavitation experiments at the Massachusetts 
Institute of Technology were investigated.‘ 


CAVITATION AND CORROSION 


A study of the location of the tube failures had already indi- 
cated that there were two areas where the percentage of tube fail- 
ures was relatively much higher than in the remainder of the tube 
bank. One of these was in the upper-left lobe and the other 
slightly to the right and below the center of the tube sheet, as 
viewed from the entrance end of the tubes. These locations are 
indicated in Fig. 3. Also the damage to the individual tubes was 
found to occur at the end of the bushings and extending a short 
distance downstream. The bellmouth entrances to the bushings 
showed a general thinning nearly equal all over the tube bank, 
while the divergent part was worn most in the areas of greatest 
tube failure. The localization of the tube and bushing damage is 
most reasonably explained as the result of destructive cavitation 
followed by corrosion. To produce destructive cavitation, the 
water pressure at a point must approach the vapor pressure cor- 
responding to the water temperature, so that cavities in the water 


| 
| 


4 


Fie, 4 


Water-Box anp Tuse VELOCITIES ror Rotatina FLow 


are filled largely with vapor. If the existence condition for the 
| vapor disappears through increase of pressure, the vapor will con- 
dense or collapse, and an exceedingly high pressure will occur 
| due to the impact of the water filling the vapor space from all 
sides. Destructive cavitation on any surface will break tiny 
particles from that surface thus making pits. These pits are 
well adapted for the accumulation of oxides and salts beneath 
which a rapid attack may proceed, furthered by the ready supply 
of oxygen from the liberated air. If this hypothesis, which is 
. readily applicable to a condenser tube, were correct, it would then 
: be desirable to prove the actual possibility of destructive cavita- 
tion in the single-pass condenser. 


Moody and Sorenson® have very definitely proved that cavita- 
tion will occur when 


= —- ha)] 


axial velocity, fps; g 


= = 


where v, acceleration due gravity; 


| _ ‘Cavitation Research,” by J. C. Hunsaker, Mechanical Engineer- 
"4, vol. 57, April, 1935, pp. 211-216. 
deere Report on Cavitation Research at Mazsachusetts In- 
0 te of Technology,” by J. C. Hunsaker, Trans. A.S.M.E., vol. 57, 
tober, 1935, paper HY D-57-11, pp. 423-424. 
lei Progress in Cavitation Research at Princeton University,’’ by 
wis F. Moody and Alfred E. Sorenson, Trans. A.S.M.E., vol. 57, 
ober, 1935, paper HYD-57-12, pp. 425-428. 


FUELS AND STEAM POWER 


became increasingly clear to the engineers that with the existing 
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h, = static pressure, ft of water; and h, = absolute vapor pres- 
sure corresponding to the water temperature, ft of water. 

If, in a top tube of the single-pass condenser at low tide, h; = 
12 ft, g = 32 fps per sec, and h, = 0.7 ft at 70 F, then the mini- 
mum axial velocity »; for cavitation to occur will be 26.9 fps. 
Study of the hydraulics of the condenser show such velocities 


Fie. 5 Guipe VANES INSTALLED IN THE INLET WATER Box OF THE 
SInGLE-Pass CONDENSER AT THE EDGAR STATION 


axial to the tubes to be impossible. However, cavitation can 
easily occur if the water flow in the water box has tangential ve- 
locity components. Actual observation of the flow had shown 
tangential-velocity components of appreciable magnitude. The 
ribbons of air previously referred to were the cores of the vortices 
and indicated the low pressures existent to release the air. 
Referring to Fig. 4 which shows the relative positions of the 
rotating flow in the water box, a bushing, and tube, the tangential 
velocities and the radii bear the relation 
= 


and Bernoulli’s theorem gives the pressure-velocity relation 
u,? 

h 
29 


where u; = tangential velocity at r; of the free vortex in the water 
box, fps; ue = tangential velocity at rz of the free vortex in the 
bushing, fps; r,; = radius of the vortex in the water box, ft; and 
r, = sectional radius of the bushing, ft. 

Solving Equations [2] and [3] for u; gives 


For the hydraulic conditions existent in the condenser, u; at 
a radius of 1 ft would have to be of the order of 0.5 to 1.0 fps to 
produce cavitation,® i.e., yield h, equal to the vapor pressure. 
Such tangential velocities have been observed repeatedly. Cavi- 
tation, therefore, exists and appears in the divergent part of the 


bushings, but the collapse occurs downstream therefrom in the 


6 Equation [4] reverts directly to Equation [1] when the tangential 
velocity u: of the vortex in the water box is zero, then [hi — hs — 


(v2?/2g)] = 0. Solving for v2 gives v2 = +/([2g(hi — hz)), that is, 
Equation [1]. 
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bushings and tubes. The relatively low pressure level and the 
resultant release of air have a damping effect on the action and 
prevent the pressure from reaching as high a value in the moment 
of collapse of the vapor cavities as would otherwise be possible. 
The cavitation effect, however,will be sufficiently strong to de- 
stroy possible protective films. The liberated air, then, will 
accelerate the oxidation, especially when compressed in the 
moment of eavity collapse. 


Tue PREVENTION OF CAVITATION 
From the foregoing theoretical analysis, the next step was to 


prevent the formation of the vortices with their damaging tan- 
gential-velocity components in the condenser itself and the result- 
ing cavitation and tube failures. The rotation of the water to 
form these vortices was effectively stopped by running two cir- 
culating pumps at reduced speed and guiding the flow from the 
two entrances by vanes located as shown in Fig. 5. The vanes 
were made from brass angles and '/,-in. mesh, 16-Bwg Ad- 
miralty metal screen. These guide vanes have effectively elimi- 
nated the vortices without increasing the pressure drop across the 
condenser. The authors are confident that time will prove the 
effectiveness of the guide vanes in reducing tube losses. 
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of Surface 


Illustrated by actual test results, this paper deals with 
an analysis of hydraulic circuits of surface condensers. 
The losses in the tubes, condenser water boxes, and pip- 
ing are treated in detail. The importance of the weir 
losses in the outlet box is demonstrated. Tests on con- 
densers with and without a weir show the actual gain in 
hydraulic efficiency obtained without a weir. An exact 
method is given for the calculation of the liberated air 
in determining the hydraulic-circuit losses. Since the 
amount of air hberated governs the rate of corrosion of 
the tubes, this calculation is of considerable importance, 
especially for salt-water conditions. 


HE PATH of flow followed by the cooling water in passing 

through the hydraulic circuit of a surface condenser is a 

long one. The losses due to flow of the water can be 
separated, for calculation, into (a) the canal losses, (b) the tube 
losses, and (c) the condenser piping and water-box losses, the 
latter including the outlet-box weir loss. 

These losses, which will be dealt with subsequently in this 
study, show that the losses of the weir in the outlet box play a 
large réle in the total head loss through a condenser, and that 
the greatest improvement in the hydraulic circuit can be made 
by omitting the weir. 

A way of calculating the air liberated from the circulating 
water at any point in the system will be described, and from this 
the siphon loss will be deduced. The importance of this calcula- 
tion is for determining the venting of the circulating-water circuit 
and the possibility of tube corrosion and its prevention. 


Tae CALCULATION OF THE Losses IN A HyDRAULIC 


(a) Canal Losses. Before the circulating water serves its 
function of cooling in the condenser, it must be pumped from the 
river or storage reservoir, and to this source it must also be 
returned. The connection between the cooling-water source and 
the condenser is furnished by the canal tunnels. For the highest 
load, the goal should be a maximum loss of 1 ft, including the 
losses through the trash rack and screens. Naturally, if more 


_' Consultant, Detroit Edison Company. Mem. A.S.M.E. Mr. 
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Condensers 


than one condenser is served by the same intake and overflow 
canals, this loss will be somewhat larger. Economic reasons will 
determine how high it actually can be. The screens form most 
of the canal losses, and adequate attention should be given in the 
design to keep the velocities as low as possible through these 
screens. Even then they cause high losses if not cleaned fre- 
quently. They are usually clogged most in the late summer from 
leaves, grass, and fish, when a great quantity of water is still 
demanded for cooling. 

Attention should be given to the fact that air liberated in the 
intake tunnel from swirling should have an opportunity to escape 
before it enters the circulator suction, instead of being allowed to 
go through the hydraulic circuit of the condenser. In designing 
concrete tunnels, sudden changes in area or sharp corners should 
be avoided, and overhead beams should not be put in unless in 
connection with a vent to skim off air. 

(b) Tube Losses. Of the three losses, those through the tubes 
can be calculated most accurately. They consist of friction, 
entrance, and exit losses. The friction losses are based on the 
equation 


where p = pressure drop, lb per sq ft; \ = friction coefficient, 
dimensionless; L = length of path of flow which in this study 
is equal to the tube length, ft; D = inside diameter of tube, ft; 
u = mean velocity through the tube, or flow by volume divided 
by the cross-sectional area of the tube, fps; and p = mass 
density of the water, lb sec*/ft*. The mass density p = d/g, 
where d = weight density of water, lb per cu ft; and g = stand- 
ard acceleration due to gravity, 32.174 ft per sec per sec. 
Customarily the formula 


is used, where h = the head loss, ft of water; and the other terms 
are the same as given previously. 
All values, except \ which is a function of the Reynolds number, 
can be directly calculated for any particular condenser. 
According to the latest data of Prandtl-von Kaérman (1, 2),? 
for smooth pipe and turbulent flow 


1 
Va = 2 logi[(Re)+/A] —0.8............ [3] 


where (Re) = Reynolds’ number, and \ = a dimensionless fric- 
tion coefficient. The form of the formula comes from von Karman 
(2) and the constants were determined from tests made by 
Nikuradse (3) in 1928 and 1929. The formula is also given by 
Hemke in an American handbook edited by Eshbach (4). This 
formula is very cumbersome to use, and therefore is given in 
graphical form in Fig. 1. 
The Reynolds number can be calculated from the formula 


2 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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Re= Reynolds Number 


Fie. 1 Resistance COEFFICIENT A AS A FUNCTION OF THE REYNOLDS NUMBER FOR TURBULENT FLow THROUGH SMOOTH PIPEs 


(The formula represents Nikuradse’s tests made with water in turbulent flow at Reynolds numbers between 3070 and 3,230,000 through pipes 
of inside diameters from 0.394 to 3.94 in.) 


where » = the kinematic viscosity of the water ft? per sec. 
The values of the kinematic viscosity in these units are given 
graphically in Fig. 2 for water temperatures between 32 F and 
212 F. To the author’s knowledge, no curve of kinematic vis- 
cosity in these units has been published before. 

The inlet and outlet losses can easily be expressed as a function 
of the velocity head u?/2g as follows: This head loss is h = 
C(u*/2g), where C is a constant coefficient depending only on the 
type of entrance and exit of the tubes. Values for C as found 
by Guy and Winstanley (5) are 1.5 for tubes ferruled at both 
ends; 1.25 for tubes bellmouthed and expanded at the inlet and 
ferruled at the outlet; and 1.00 for tubes bellmouthed at the 
inlet and expanded at the outlet. 

(c) Condenser-Piping and Water-Boz Losses. The loss of 
hydraulic head through the condenser piping and water boxes is 
entirely dependent on the dimensions of a particular condenser 
unit under consideration. The author will give the calculations 
for this loss in main unit No. 13 at the Delray Station of the 
Detroit Edison Company, which was described in a previous 
paper (6), and then compare them with test results. The 50,000- 
sq ft single-pass condenser, previously described by the author 
(6), had a good hydraulic circuit free from unnecessary obstruc- 
tions. It was designed for a maximum capacity of 120,000 gpm 
at a total head of 20 ft. 

In considering the water flow through irregular shapes and 
around irregular corners, it is found that the principal losses arise 
from acceleration and retardation of the water flow, and are not 
caused by friction. To prove this, assume that the condenser 
piping and boxes, which in this case have an average area of 
30 sq ft, are replaced by a straight pipe line of equivalent 
area and length. This would be a pipe line of 6'/, ft diameter 
with a length of 70 ft along the flow. The friction loss through 
this straight pipe line would be only 0.1 ft at a flow of 100,000 
gpm. This is negligible, as it is not even 1.5 per cent of the 9-ft 
head loss actually found in the condenser piping and water boxes. 

The actual losses are due principally to the sudden changes 
of direction in the water flow. Assume that we have a 90-deg 
elbow in a pipe line and that the elbow is a 45-deg miter joint 
having only one weld. The energy of the water coming from the 
one direction is of no use to the water going around the sharp 
corner and the head loss is 110 per cent of the velocity head (7). 

In a hydraulic circuit of a condenser we have many of these cases. 
For instance, the horizontal canal velocity at the entrance of 
the suction pipe of a circulator is virtually of no use for the vertical 
velocity in the suction pipe. 


All the changes of flow in a hydraulic circuit of a single-pass 
condenser are: 


1 Horizontal canal velocity to vertical suction-pipe velocity 
of circulators. 

2 Vertical inlet-water-box velocity to horizontal tube ve- 
locity. 

3 Horizontal tube velocity to vertical outlet-box velocity 
at tube-head side of weir (as is the case in Fig. 3 where the weir 
is parallel with the tube sheet and flat head). 

4 Vertical velocity at tube-head side of weir to horizontal 
velocity over weir. 

5 Horizontal weir velocity to vertical velocity in outlet 
box flat-head side. 

6 Vertical velocity in tail pipe to herizontal velocity in canal. 


In all these cases a full velocity-head loss, based on mean 
velocity, can be assumed for the head-loss calculation. 

Naturally, other losses can occur, such as those due to con- 
tractions of areas; the velocity head calculated from an equal 
velocity over the area is then too low and the velocity head has 
to be recalculated from the actual velocity in the contracted area. 
For a certain flow, the velocity should be calculated from the 
product of the area present and the contraction factor for the flow. 

The largest losses in the hydraulic circuit of a condenser occur 
at the outlet-box weir. Energy losses due to change of flow a 
well as to contraction take place at that point. In the overflow 
of the weir, especially large contraction takes place, and we even 
find reversals of flow in this part of the condenser (8). 


RESULTS AND TESTING 


The static pressures at different points have to be measured 
in order to test a hydraulic circuit of a condenser. A diagram of 
the hydraulic circuit of No. 13 condenser at Delray is shown it 
Fig. 3, with the location of the places where these static pressures 
were measured. The elevation in feet above the condenser-room 
floor is noted at each connection for potential head correction 
referring all total heads to condenser-room floor. Any other 
level, however, can be taken. The total head is the static head, 
plus the potential head, plus the velocity head. No velocity head 
has to be included for the top of the inlet box or the outlet bot 
and the canal levels, since it is negligible at these points. 

In Table 1 are given the results for some summer and winte! 
tests on this condenser and for some tests of the Trenton Channé! 
condensers Nos. 2 and 3. From these tests, the friction coe 
ficients are calculated and shown in Fig. 4. The results from the 
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RM FLOOR 3450° (614.00 SEA LEVEL)” 


= ] 


CONDENSER NECK 


=703' 
OVERFLOW CANAL, OC 


RECORD LOW WATER 
-950° 


15.67 (563.83' SEA 


Fie. 3. ELEVATION OF THE No. 13 MaINn 
CONDENSER AT THE DELRAY STATION 


(This me indicates the elevations of the manometer connections, which 
are marked by crosses, and the elevations of the water-box gage glasses. 
The locations of the different Dw x of the circuit are designated by the 
following letters: Intake canal, I. C.; ciroulating-pump suction, P. S.; 
circulating-pump discharge, P. D.; top of inlet water box, T. I.;_ top of 
outlet or overflow water box, T. O.; and the overflow canal, O. C. The 
discharge of each pump has two manometer connections. The outlet water 
box, divided through its certer by a vertical partition into east and west sec- 
tions, has a manometer connection to each section and a gage glass in each 
section. Fora perspective diagram of this condenser see Fig. 2, p. 629, 
Trans. A.S.M.E., vol. 58, 1936.) 


Delray condenser are somewhat higher, probably because of 
slight dirtiness of the tubes and also because the friction of the 
tube cannot be exactly separated from the total losses measured. 

Table 2 shows the calculations for 100,000 gpm (two pumps) 
and 50,000 gpm (single pump) water flow through this condenser, 
The losses are calculated separately for each point of the circuit 
where they occur. They are grouped together for each section 
of the circuit between two successive points of measurement, 
shown in Fig. 3 and given in Table 1, items 41 to 46 inclusive. 

The losses through the tubes are calculated under the heading 
of “top inlet box-top outlet box’’ in Table 2. In this loss a 
part of the weir loss is also included. This loss, with the inlet 
and outlet losses of the tube, has to be subtracted from the meas- 
ured results between the top inlet box and the top outlet box 
to obtain the friction loss through the tube. The friction coef- 
ficient \ can then be calculated. Weir losses do not have to be 
deducted in the case of Trenton Channel condenser No. 3 since 
it had no weir (9). Fig. 4 shows how remarkably well \ calcu- 
lated from test data agrees with the theoretical value, especially 
for the Trenton Channel tests. 

A good idea of the change of the losses in the hydraulic circuit 
with change in water flow can be obtained by plotting a curve, as 
shown in Fig. 5. This curve also shows the consistency of, and 
gives a check on, the test results. This can be done for all other 
drops of the circuit except for top in-top out, where changes of 
the friction coefficient \ with the Reynolds number are involved. 


TABLE 1 SUMMARY OF DATA AND RESULTS OF HYDRAULIC-CIRCUIT TESTS? 


2, Date (duration 1-1/2 hour in most cases).............-+--> 
Average inlet temperature of clroulating 
Average outlet temp of circ water in tail pine 
2 Load at generator terminals 
Cireulatore runni 


7. Aver eneed of circulators 


Delray No, 13 Conjenser 


Weir in 

#283 tudes” 


Circulating Water Flow Heat Balances 0 2, 
9. Heat y con 33750 3 339 33 fort 13°32 
1%. Cire water enthalpy rise 112100 ish 113000 86104930 8 350 5*560 
ll, Cire rater flow through concenser tubes by heat dalance.....-..-- . 390 13 3 i380 775 1340 1390 390 1390 1990 
12. Generator losses (rejected to circ water through gen air cooler). 16236 26 29.03 4203 33.81 ae 
1%. t flow th: generator air cooler by heat balance...... 
is] fotal delivery of circulators (item (item : gel/ain 112760 103590 9251079770 115290 107000 88230 66630 559% 

Water Velocitics and Velocity Heade® at ‘‘anoneter Connect ‘ 62 re im 2.09 
17. Velocity head in east circulator 54-inch suctio t Ko 10:13 9.3 10,34 9.04 11.52 9.93 
19, Velocity head in east circulator 4S-inch discharge 7:79 +4 1198 
23. Velocity head in west circulator 4G-inch discharge 52 1.26 1. 0.73 1.59 1.35 1.09 0. 

Circulating Water Stat Mensurec by Manometers® 


29. Condenser outlet water box at top 


Circulating Water Levels, Referred to C.P.F é 


30. Yntake canal at east circulator suction pipe. ft “7-08 7.61 
at 
“9.1 “9.1! -7. -7.38 25.43 
9. Condeneer inlet water box at top 10°17 8-28 0.27 
boa, outlet box at top 1.37 1.0 92.25 2.17 1.25 “0.17 1.41 
42; Intake canal to west circulator suction 1.3 6.12 
Top inlet box to top outlet box (T - 245 615 isi 


#411 condenrers are single pass. 
DPruves in.all cases ore brase; 1 in. 0.D., 0,902 in. I.D., 24 ft long. 


CVelocities and velocity heads are computed from division of circulating rater flow (heat 
balance) by flow areas, 


4c.R.F, = condenser room floor; water standing etill with a static pressure of 1 atmosphere abs at 
"the total head of 0, 


denser room floor level would have « total ft. Minus signe indicete 


@istance of water levels below condenser room floor; water levels above condenser room floor 


have plue signs. 


30-inch manoneters filled with mercury or acetylene tetrabromide; minus sicn 
vacuum, Fig. 3 shows looations of connections for Delray No. 13, which were +/ 


diameter flush holes, Pump suction and discharge static preseures ae lis tng 

corrected to elevation of manometer connections, which are given in the follo id 
for the different condensers, in feet referred to the comienser room floor: 
condenser: Delray 13 nton Trenton 
Liss Circulator Manometer vonnections 
24 EPS -0.66 
3-32 3.14 5°59 
circulator Shaft C.L. 1:38 
Too of Ineide of Fater Soxes 24,64 22.18 eee 
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Tue ErricieNcy OF THE HypRAULIc CIRcUIT 


By efficiency is meant the ratio of the useful head spent to the 
total head spent. The useful head in a condenser is assumed to 
be the head spent on the friction of the tubes plus inlet and outlet 
losses of the tubes. The total head spent is the total head on the 
circulators. In the Delray case, run No. 65 for 2 pumps, full 
load, this efficiency is low, being (6.35 ft of water) /(21.61 ft of 
water) = 29.5 per cent when including the sealing-weir losses in 
the overflow canal. For special reasons, however, the overflow 
canal was built at a higher level than the inlet canal as shown 
in Fig. 3, and a loss due to a sealing weir in the overflow canal 
is included in the total head of the pumps. Without this canal- 
weir loss of 5.05 ft, the efficiency is 6.35/16.56 = 38.5 per cent. 
This figure is a little above the average, since the inlet and outlet 
boxes were designed with no horizontal braces, and every effort 
was made to have a perfect hydraulic pipe system. 

In the Delray condenser, 100 — 38.5 = 61.5 per cent of the 
total head is spent uselessly. Of this, the largest losses occur at 
the outlet-box weir. Part of the losses due to this weir are 
included in the losses from the top outlet box to the overflow 
canal. In the case for 100,000 gpm (see Table 2), they are 3.10 
ft of water. To this, the losses due to the upward flow at the 
tube-head side of the weir and over the weir have to be added. 
These were included in the head loss between top inlet box and 
top outlet box. These last losses are respectively 1.38 and 0.62 
ft of water; thus, a total of 5.10 ft of water or 5.10/14.46 = 


TABLE 1 (Continued) 


Trenton No. 2, Feir in Trenton No. > 
TE SY TF cover RYT cover clates ‘Lo hall of velr 
plates in of weir out out 
7590 Tubes” 5122 Tuves? 5100 Tubes” 
en 
1. A B c A 8 Fr 2 
2, 4/16/31 9/16/31 9/16/31 9/16/31 8/23/38 8/29/38 5/10/33 
48.0 7.8 71.9 | 71.92 ~ 49,00 
+. 57.7 61.0 82.0 85 64.0 79.1 80.72 
50709 $0900 700 50700 49700 35009 399203 39790 
7. 247.9 191.4 160,0 249.8 191.4 169.3 253.6 201.7 9.3 
517 236 164 572 285 ich 
9 46 464.5 338.2 369.7 368.0 749,93 
9 12 15.6 10.2 17.6 8.77 
96800 60800-91700 68600 60900 83800 67600 
12, 1510 1520 1510 1460 1430 1340 1450 1450 1420 
13, 3,2 14.4 20.4 4.7 3,76 5.95 
1h, 620 2800 2100 1900 7160 2630 16¢ 
15. 97600 75000 61300 94500 70700 62600 10400 861.00 €9210 
1é, 6.6 5,3 4, 6,7 6.1 -0 
7. on 0,2 0.69 ove 0 0.58 
18, 6.7 é. 535 6.5 6.4 é 8.8 6.3 
19, 1.17 0.70 1.13 0.63 “9 0,61 
20, 5,3 6.7 5.0 ?. 6.0 is 
a. on © ‘3 0.28 0.69 0.38 0.30 0.91 0.57 0.35 
8.7 5. 5.6 9. 7.7 6.6 
23. 1.17 0.70 1.1 0.63 0.49 14 0.91 0.56 
3. “3,14 -3.99 <2. -7.06 3.46 -1. 
29 -0.20 33:33 0.54 Pit: 
2 10.26 11.96 3.91 0.80 2.79 0.95 
-9.99 -16.10  -19, 8.76 -18.70 -11.32 916.80 9-18.43 
“18.76 -=21.49 -27,03 “23.36 9-21.71 
21.25 20.90 20, 20.69 20.20 19,12 
5. 5. “6.01 -6.08 2 
14.65 (16.32 +76 ol 4.82 
12,19 203 10:38 286 3.41 
5.68 18242 +92 $.2 0.2 427 $320 
+79 0.39 “1.54 0.39 -2. “2.355 -2.77 
Al, 1.2 
2.61 1.0% 0.96 2.88 2200 
2.50 1.16 0.93 2.90 1:88 1.36 290228 
1.79 1,04 0.86 237 1.11 1.98 0.86 0.57 0.45 


Int 
“Mteke and overflow canale! total heacde are taken ae their level*, iteme 30, 31, ane 72, 
FOP connuter 

amputation Of iteme and 4OA, see Table III, items 19 and 13 reepectively, 


35 per cent of the total-head loss through the condenser boxes, 
Piping, and tubes (sealing weir in overflow canal and canal losses 
excluded) was spent on the weir. If expressed as a percentage 


FUELS AND STEAM POWER 


0.03F-—~— 


Nor, 
Man Se 


TRENTON NO 3 (WEIR OUT): 
4 SOF WATER, 2 PUMPS,MAY 1933, 
© 70F, 2 PUMPS, AUG 1934. 

DELRAY NO 13 (WEIR IND: 
© 33F,2 PUMPS, JAN 1936, 

4 4157, EAST PUMP, APR 1935, 
x 75F,2 PUMPS, AUG 1935. 


~~ 


OF CONDENSER TUBES 


= RESISTANCE COEFFICIENT 


0.01 
2 3 4 5 6 7869154 


REYNOLDS NUMBER OF CIRCULATING WATER THROUGH 
CONDENSER TUBES AT LOGARITHMIC MEAN TEMP 
Fic. 4 Tue Resistance CoeFFICIENT \ FOR CONDENSER TUBES 
Versus REYNOLDS’ NUMBERS OF THE CIRCULATING WATER AT THE 
LoGariTtHmMic MEAN TEMPERATURE OF THE WATER 


(This figure shows the striking suitability of the Prandtl-von Karman 
formulation of Nikuradse’s tests of a single tube for condenser-tube banks, 
which is shown in Fig. 1. The resistance coefficient is for the tube-wall 
friction only. The Reynolds numbers are calculated from the water velocity 
through the tubes by the heat-balance value, at the logarithmic mean tempera- 
ture of the water through the tubes. For the No. 13 condenser at the 
Delray Station, ey are the Reynolds numbers of item 74 in Table 1 of a 
previous paper by the author (6), Many more test ee could have been 
shown, but those shown are examples of winter and summer test results.) 


of all losses outside the tubes (sealing weir and canal iosses ex- 
cluded), this becomes 5.10/9.05 = 57 per cent. The largest 
gain in the hydraulic circuit can therefore be made by removing 
the weir from the outlet box. 

From each of the existing single-pass condensers Nos. 1, 2, 
and 3 at the Trenton Channel plant, the author removed an 
outlet-box weir which was similar to that used on Delray No. 13 
condenser, and by doing so increased the efficiency of the circuit. 
from around 28 per cent to around 63 per cent, as shown in Table 
1. Part of this high increase in efficiency was due to the additional 
obstruction in the original design caused by the four butterfly 
valves in the outlet box (10). This, however, cannot always be 
done, and will depend on the design of the condenser. A new 
condenser can be designed without a weir. 

The gains involved in the hydraulic circuit by improving its 
design are therefore worth consideration. For the Trenton Chan- 
nel and Delray Stations, the average auxiliary power for the cir- 
culators is 0.5 per cent of the total generator output under winter 
conditions, and 1 per cent under summer conditions. For this 
favorable case of 35 per cent gain in hydraulic-circuit efficiency, a 
gain of 0.17 to 0.35 per cent of the total generator output is 
obtained, depending on winter or summer operating conditions. 

For a new station, however, it would mean a worthwhile initial 
reduction in the required installation of auxiliary turbogenerator 
capacity, as the circulator power runs from 20 to 40 per cent of 
the total auxiliary power of the station, depending on winter or 
summer conditions. 

Also, in cases where the water quantity is too small, a consider- 
able increase of water can be obtained by taking out the weir; 
in the case of units Nos. 1, 2, and 3 of the Trenton Channel 
Station, the increase of water quantity ran around 15 per cent 
for the same load on the circulators. 


Tue CIRcuLATORS 


Only circulators of high specific’ speed can be used because of 
their low head and high capacity. From an operating point of 
view, the head of the pump at the shutoff point (that is, the 
point of zero capacity) should be so high at the highest speed 

3 The specific speed N, of a centrifugal pump on a gallon-per- 


minute basis is calculated as (N»/G)/H*/s, where N = pump speed, 
rpm; G = delivery, gpm; and H = total head, ft. 
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Condition of Operation TABLE 2 
(1) (2) 
(1)x(2) 
Actual 
Contrac- Flow 
Area tion Area 
3q ft Area Sq rt 
A. INLET CANAL - PUMP SUCTION (I.C. - P.S.) 
l. Vertical Area East Pump 5'3" diameter 16.77 None 16.77 
B, PUMP DISCHARGE - TOP INLET BOX (P.D. - T.I.) 
2. Vertioal Area Fabricated Elbow 48" diameter 12.57 None 12.57 
Vertical Area at Entrance of Mixing Box 48" diameter 12 None 
TABLE 2 THEO- - Horizontal Area at Exit of Mixing Box 27. None 27. 
RETICAL METHOD 
OF CALCULATION 
OF HEAD LOSSES C. TOP INLET BOX - TOP OUTLET BOX (T.I. - 7.0.) | 
LIC CIRCUIT Vertical Area through $143 Tubes 1" 0.D., No. BWG. 319 | 
Fo Delray No. 13 Main + Inlet and outlet Losses Bz - - 
‘ondenser Hydraulic 7. Friction Losses at 32 F 
Circuit) 8. Horizontal Area at Top of Weir at Tube Sheet Side 20,64° None 20.64° 
9. Vertical Area over Top of Weir 39.31 0.90 35.38 


D. TOP CUTLET BOX - OVERFLOW CANAL (7.0. - 0.C.) 


10. Horizontal Area at Top of Weir at Flat Head Side 26.30. 0.60 15.79 
ll. Horizontal Area at Outlet Nozzle 29.27 None 29.27 
12. Horizontal Area at Outlet Tail Pipe 32.91 None 32.91 
13. Vertical Area at Outlet Tail Pipe 90.90 0.80 72.70 


80,10 for gate valve plus 0.50 for fabricated elbow plus 0.05 for expansion Joint. 


brhe mixing box at the bottom of the inlet water box is sirilar to that shown in Figs 117 and 114, 
p 661, Engineering, June 1, 1928, Vol 125. It has a longitudinal partition so that the water ‘ 
teen each pump enters the bottom of the inlet water box across its full width of 12 feet. 
A symmetry of flow with two-pump operation gives a more favorable turning condition in this 
mixing box than with one-pump operation. Consequently, a loss of 25% of the velocity head 
for two-pump operation and of 100% for one=-pump operation is assumed, 


that the pump can push the water over the weir or highest point of Professor Winkler for air dissolved in water under a total pres- 


of the circuit. In that case, and with a valve in the discharge sure of one atmosphere, it is possible to calculate for any condi- er 
end of the circulator, the priming of the pump only is necessary — tion the volume of the air-water mixture per pound of dry air in en 
to get the water over the weir. If this is not the case, the whole the mixture in the circuit. From Henry’s law it is known that in 
hydraulic circuit has to be primed and this is a handicap to the the amount of a gas dissolved in a liquid is proportional to the In. 
quick starting of the unit. The priming of the whole circuit partial pressure of that gas on the liquid. Fig. 6 has been cal- ou 
takes about 15 minutes against 2 to 3 minutes fora pump alone. culated from Winkler’s 1901 data (12). The weight of air lib- th 
TABLE 3 EFFECT OF LIBERATED AIR ON CIRCULATING TOTAL 
ways be high enough to put the water through HEADS AT TOP OF INLET AND OUTLET WATER BOX : 
the circuit if the weir is omitted. When asub- (Delray No, 13 Main Condenser Hydraulic Circuit othe | 
merged type of screw pump is used with no tte= 
vent lines are installed, simplifying the circuit Glrouistine eater outlet 
and saving time in starting up. air to water, for Pron 36.95x207F 36, 
OUTLET WATER BOX: ar 
Although the siphonic losses have been evel which static vressure to ites 6 occurs. 10. 
canal. (Item 34 of Table I) - (item 32 of Table ow ft 28.63 26.88 29.18 26.79 ( 
accurate study of the hydraulic circuit, espe- frie! st cree 
cially when the siphon is high. A short-out 
calculation has been given by Guy and Win- golunn because of free air. From itene 10 and and 
“ er box becaise ree air. en 
First the amount of air liberated is calculated 18) (aten 29 of + 1), Wit 
and then the new density of the water due to s OB SOA OF Table . -?. 
INLET WATER BOX: 
volume changes of the air will be calculated. pressure equal 
Air-Water Weight Ratio. River water is (item 27 of fable TH ft 10.55 3.03 4.23 1.2 
always 100 per cent saturated with air, al- 33 “of tabie 1) ft 14.19 21.55 20.05 = 
the water is somewhat larger than that in 0.9% 1.98 2.25 (Thi 
the atmospheric air. This difference, how- "mater tor of free air. (Item 15) en 
ever, can be neglected in this calculation. 19. cuter total heed in top’ The 
With the use of Henry’s law and of the data which 59a oF of Table 1), 11,0 9.65 2.27 0.27 Pape 
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TABLE 2 


FUELS AND STEAM POWER 


(Continued) 


100 ,000 -_tw 8 50,000 gpm - one pump running 

(4) » (5) = (6) « (7) (8) (9) (19) « (11) (12) « 

112/(3) 223/(3) (4) or (5)2/2¢ (7)x(6) (3) 2/26 (10)x(11) 
Head Head 

Velooity Velocity Total Velocity Total 
(for 112 (for 223 Velooity in % of Head (for 112 Velocity in % of Head 
ou ft/sec) ou ft/sec) Head Velocity ae wl ou ft/sec) Head Velocity Loss 

ft/sec ft/se ft H20 Head ft He ft/sec ft He ft 


6.65 0.68 


100 
Total A « (1) « 


0.59 
1. 


125 
100 


0. 100 
Cw (5)+(6)e (7) + (8)4( 


1004 
30° 


0.68 


6.6 


0.68 100 
TotalAe (1) « 


1.2 a 0.60 
1.2 1.23 
1.0 100 1.0 
Total Bs (2)+(3)+(4) « TF, 


3.09 0.15 125 0.19 
4.67 = 0.0294 1.41 
1-38 0:35 
Total Ce (5) +(6)+ (7)4(8)+(9)e 


100 0.71 3.3 0.18 100 0.18 
3. oO. 5 100 5 0.04 100 0,04 

Total D = (10)+(11)+(12)+(13)e Total D = (10)+ (11)+(12)+(13) = 
Grand Total « A+B+C+D «= 17.06 Grand Total A+B+C+D 


°The water flow through this area is from only 7114 tubes 


°30% as a diffusor loss of tail pipe. 


erated from a pound of water can be obtained from the differ- 
ence of two ordinates in Fig. 6. For instance, assume the 
inlet-water temperature to be 40 F, with a barometer of 30 
in. Hg, and the outlet-water temperature at the top of the 
outlet box to be 60 F and at 10 in. Hg abs total static pressure; 
then the air liberated is found by subtracting 8.5 x 10~* lb of 
air per lb of water in the overflow top from 33.8 X 10~* lb of air 
per lb of water as present in the original condition, or 25.3 X 
10~* |b of air are liberated per lb of water. 

Volume of Liberated Air. When the amount of air liberated 
is known, its volume can be calculated with the aid of Dalton’s 
law. This has been done in Fig. 7, which directly shows the 
volume occupied by the air-vapor mixture for every pound of dry 
air in the mixture. For the example of 10 in. Hg abs pressure and 
60 F, this is 41.2 cu ft per lb of dry air. Therefore, the liberated 
air per pound of water occupies a space 25.3 X 10-* X 41.2 = 
1.043 X cu ft. 

Change of Water Density Due to Air. Assuming the weight 
of 1 cu ft of water as 62.43 lb, then the volume of the air liberated 
in 1 cu ft of water is 1.043 X 10-* X 62.43 = 0.0655 cu ft. 
In other words, the density of the water containing 100 per cent 
air has changed from 62.43 Ib per cu ft to 62.43/(1 + 0.0655) 
= 58.55 lb per cu ft, a change of 6.3 per cent in weight density. 
With these figures, the new density can be easily calculated for 


Fi. (Ricut) Loss or Tora, Hzap From Tor Ovtier Box To 
w CaNAL Versus CIRCULATING-WaTER FLow THROUGH 
Conpenser sy Heat BALANCE FoR THE No. 13 ConDENSER 
aT THE Detray STATION 

{This total-head loss is item 46 of Table 1, which is the difference between 
py dogs and item 32 of that table, and allows for the entrained air in the out- 
The water column. The circulating-water flow is item 11 of Table 1. 
figure illustrates the straight-line relationship obtained on logarithmic 
paper for losses between points; the slope of the line is approximately 2.) 


» which are located below top of weir. 


“100% because of the abrupt change in water box section at weir top and at bottom of overflow box. 


10 


33F INLET WATER, JAN 7-15. 1936 
|} @ 2 CIRCULATORS RUNNING 
8 | CIRCULATOR RUNNING 7 
75F INLET WATER, AUG 13-16,1935 
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CIRCULATING WATER FLOW THRU CONDENSER TUBES 
BY HEAT BALANCE,THOUSANDS OF GPM 


FSP-59-3 187 
6.90 1.23 658 0.80 8,90 
8.90 3.2 25> 0,32 8.90 
8.14 1,0 100 1.0 8.14 
Total B = (2)+ (3)+ (4) » 
A : 
Total 
1 
in 
at 
he 
al- 
ib- 
22 : 
55 
9.5 
4.60 4 
5.13 
: 
5.7% 
2,28 
-0.78 
1.28 
23.09 
6.9% 
2.25 
ost 
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TOTAL ABSOLUTE PRESSURE ON WATER, IN. Hg AT 32 F 


Fie. 6 Weicstr Ratio or Air TO WATER FOR A SATURATED SOLUTION OF AIR IN WATER 


(Lines of different water temperature from 32 to 120 F are plotted for total pressures on the water from 0 to 35 in. Hg abs, the total pressure being the 
sum of the partial pressure of the water vapor and the dry air over that water. The lines are straight because, according to Henry's law, the 
weight ratio of dissolved air to water is linearly proportional to the partial pressure of the dry air in the mixture of air and water vapor over the water. 
These data are calculated from the International Critical Tables (12) where is given for different temperatures, the total dry-air content Va in 1 
cc of water 100 per cent saturated with air at a total pressure of 760 mm Hg; the dissolved-air content is measured in cubic centimeters referred to stand- 
ard conditions of 0 C and 760 mm Hg. The weight ratio of dissolved air to water is computed as 

Pa at pi x da at 29.921 in. Hg and 32 F x Va 
Pa at 29.921lin. Hg dw 1000 
where We = weight of dissolved dry air in solution with water 100 per cent saturated with air; Ww = weight of water containing Wa weight of siti 
Pe at pt = partial air pressure at total pressure p and at the temperature for which Vd is given, in. Hg at 32 F; pa = p — ps; ps = saturation pressure 
of steam at the temperature for which Va is given, in. Hg at 32 F; pa at 29.921 in. Hg = partial air pressure at 29.921 in. f gota pressure and ¢ 
temperature for which Vad is given, in. Hg at 32 F; da = standard weight density of air, 1.2929 X 10~* g per cc, International Critical Tables, vol. 3, 
p. 3, or 0.080714 lb per cu ft; and dw = weight density of water at the temperature for which Vd is given, g per cc. Density dw can be obtained from 
the International Critical Tables, vol. 3, 1928, p. 25. The graph is based on an identical molecular weight of 28.958 for both dissolved and free air. 
Actually, dissolved air contains about 13 per cent more oxygen than free air. The composition of air dissolved in 32 F water corresponds to a stand 

ard weight of 0.08231 |b per cu ft, and for air dissolved in 86 F water, 0.08212 lb per cu ft.) 
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any point in the circuit, when the static pressure is known. 
One problem which is still left is the change in weight density 
due to the static-pressure changes that occur with change in 
height of level, because the potential pressure changes. An 
integration over a certain height of water column is therefore 
necessary for the different densities. This has been worked out 
as curves in Fig. 8, which gives the correction for the height of 
a standing column under different absolute pressures at the top 
of the column and at different temperatures of the column. 
The tests (see Table 1) give the level difference between the top 
of the outlet box and overflow canal. But, at the level of the 
overflow canal, the water inside the tail pipe still has free air 
present because it was saturated at inlet temperature and not at 
outlet temperature. A higher pressure is necessary to redissolve 
all air at the higher temperature. Fig. 6 gives the pressure at 
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tm = TEMPERATURE OF AIR-STEAM MIXTURE, F 


Fic. 7 Vouume or Arr-Steam Mixture, oF 100 Per Cent 
Retative Humipiry, Per Pounp or Day Air aT DIFFERENT 
TEMPERATURES AND ToTaL Pressures oF MIXTURE 


(This graph represents the equation (pt —- ps)Vm = 0.7541(tm + 459.6) 

where p: = total absolute pressure of the mixture, in. Hg at 32 F; tm = 

temperature of mixture deg F; ps = steam saturation pressure at tm, in. 
g at32 F; and Vm = cu ft of mixture per lb of dry air.) 


Which all the air will dissolve at the higher temperature when 
moving along a constant ordinate from the lower pressure to the 

wer pressure, since both conditions have to have the same 
weight ratio of dissolved air to water. This additional pressure 
added as feet to the level difference between the top of the outlet 
box and the overflow canal level gives the total height to be cor- 
tected. Fig. 8 gives the correction to be applied for water from 
32 to 90 F, and for 30 in. Hg total pressure, and an additional 
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TOTAL PRESSURE AT TOP OF COLUMN, IN.HG ABS 


Fie. 8 Correction TO Mean Density or VERTICAL WATER 
Cotumn ror Decrease Dus To LIBERATED AIR 


(The data of the figure have been computed for a tenting column, but they 
apply as well to a column of moving water, providing the change of static 
pressure from bottom to top is approximately linear. e curves in the upper 
part of the figure apply to water which is saturated with dissolved air at the 
regular atmospheric condition which is assumed to be a total pressure of 30 
in. Hg. This curve is to be used for the inlet water box where no changes of 
temperature have taken place as yet. The curves in the lower part of the 
— show the minor additional decrease of mean density (at the —_ 

the figure) if the pressure at saturation is 35 in. Hg instead of 30 in. Hg. 
This has to be applied for the overflow where the temperature rise has raised 

the saturation pressure.) 


correction to be applied in case a total pressure of 35 in. Hg is 
necessary to redissolve all the air. For total pressures between 
30 and 35 in. Hg, a prorata correction has to be applied. Sample 
calculations for four of the runs are included in Table 3. 

It is mentioned here that the siphon losses due to air in the 
circuit have been overestimated, and that they amount to only 
0.5 ft for a 26-ft siphon in case the vent line from inlet to outlet 
box takes care of the free air. 

The downward velocity in the outlet box and tail pipe should 
always be kept above 1.5 fps so that no liberated air can rise 
against the flow of water (13, 14). For calculation of thoroughly 
safe conditions, so that possible air leaks in the hydraulic cir- 
cuits can be taken care of, it is better to use a value of 2 to 3 
fps. (See Table 2, Item 11, column 5 or g.) 

Fig. 9, based on data obtained on unit No. 13 at the Delray 
Station, gives a picture of the flow velocity in the overflow below 
the joint between the bottom of the outlet box and the top of the 
tail pipe. The values were obtained from a pitot-tube traverse. 
Although the velocity at the center dropped considerably, due to 
the vertical brace in the outlet box, it is clearly noticeable that 
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in each half of the pipe the highest velocities occur toward the 
center of the pipe asa whole. This is a result of the flow condition 
over the top of the weir, where the largest fiow occurs toward the 
center line of the outlet box. At this point the flow area above the 
weir is a segment of a circle of which the weir top forms the chord. 

Venting of Condensers. More attention should be given to the 
venting of inlet boxes, return boxes, and centrifugal-pump dis- 
charges, especially if salt water is used as a cooling medium. 
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DISTANCE FROM N-S CENTER LINE OF TAIL PIPE, INCHES 


‘Fie. 9 Ve uocrry DistRIBUTION OF OVERFLOW CIRCULATING 
Water ALONG THE LonG CENTER LINE OF THE 30 X 144-IN. 
Tatt-Pire Top ror No. 13 CoNDENSER AT DELRAY STATION 


(These’curves, which are for four runs with 75 F inlet circulating water, and 
with both circulators operating at their highest speed of 240 rpm, are typical 
mew other runs with both circulators running at equal speeds over the 
whole speed range of 180 to 240 rpm, and with inlet circulating-water tempera- 
tures varying from 40 to75 F, The traverse was made in the top of the tail 
ipe close to the location of the outlet thermocouples, or at an elevation of 
B39 ft above the condenser-room floor, It was made with two Cole pi- 
tometers, which were adjusted to 22.station points 4 pe 3 in, apart. 
The mid-point of each half of the pipe was checked before and after each 
traverse. Pitometer pressures were measured with 30-in. manometers 
filled with acetylene tetrabromide. Location of the pitometers is shown in 
Fig. 2 of a | get paper by the author (6). The decrease in velocity at 
the center of the pipe is caused by the vertical brace in the center of the out- 
‘let box. The traverse was made only 2.5 ft below foot of that brace, which 
10 in. wide and 30 in. weed pipe was braced with five !1/: X 


races.) 
Bad venting of inlet water boxes will cause the air to flow through 
the tubes and cause corrosion at the inlet end of the tube, be- 
cause of the contraction of flow which takes place. Also the heat 
transfer suffers, especially for the top tubes which will act as 
vent lines in case the installed vent is not of sufficient capacity. 

In general, the vent lines applied are all too small, and have 
insufficient capacity for handling the volume of rarified air that 
is liberated. The small amount of pressure drop available from 
the top inlet to outlet box cannot handle this quantity. For a 
50,000-sq ft condenser, a 3 to 4-in. vent line is necessary to handle 
the air satisfactorily instead of the usual 1'/; to 2-in. line. 

The worst condition occurs at the lowest circulator speed or 
smallest circulating water flow through the condenser. Assume 
that the mean pressure of the water in the inlet box is at its center 
line; then, the volume of the air liberated from 75,000 gpm of 
water will be around 6 cfs referred to the pressure at the top of 
the water box (15). In a 2-in. line, this would give a velocity of 
260 fps or 15,600 fpm. Under this condition, a pressure drop of 
5.4 in. Hg is available between the inlet and outlet boxes, which 
is only half the pressure difference necessary to transport this 
volume of air through a 2-in. vent line. 

This problem of air is a serious one. Its existence can be 
quickly proved by taking a vertical traverse in a horizontal dis- 
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charge line of one of the pumps to a condenser. Such a test 
showed that at the top of a 48-in. discharge line of a circulator, 
a space 2 in. high was occupied by air. The worst condition, 
such as this one was, will happen when the discharge pressure of 
the circulator is below atmospheric pressure. Free air from the 
outside atmosphere is often taken in directly through the suction 
pipe of the circulator. A hollow swirl which is caused by the 
prerotation of the circulating water in the suction pipe and which 
extends into the intake canal will bring this free air directly into 
the system. In case this happens at the design operation of the 
pump, its impeller should be redesigned. 

A good liberation of the air in the inlet box should be provided 
for. This can be secured by boxes which allow low water veloci- 
ties and which are free of obstructions. Consequently, the boxes 
should be wide and have no horizontal braces. 


CONCLUSION 


The losses of a hydraulic circuit can be calculated within an 
accuracy of 10 per cent. The weir in single-pass condensers, and 
not the siphon, causes the highest losses and should be eliminated 
whenever possible. Abrupt changes in direction of flow should 
be eliminated. The entrance losses due to bellmouthed or fer- 
ruled tubes are overestimated. The liberated air in the water 
can be determined under all conditions and should be taken care 
of by adequate venting, because of the possibility of corrosion | 
under salt-water conditions. 
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By E. O. WATERS,’ NEW HAVEN, CONN., D 


Progress in pressure-vessel design and fabrication dur- 
ing the past two decades has brought about a marked 
change in the form of bolted connections. Whereas 
flanges were formerly provided with hubs of approximately 
uniform thickness, screwed to or slipped over the shell or 
pipe, it is now customary to use tapered hubs, and an inte- 
gral structure is obtained by butt welding the end of the 


' hubtothe shell. This has invalidated former methods of 


design for flanged connections. 

This paper outlines a revised analysis based on the ring, 
tapered hub, and shell being considered as three elas- 
tically coupled units loaded by a bolting moment, a 
hydrostatic pressure, or a combination of the two. Design 
formulas and charts are given for the computation of 
stresses that are likely to be critical, and their application 
is illustrated by three problems taken from current com- 
mercial practice. 


INTRODUCTION 


OR THE last two decades there has been a steady increase 
in the pressures and temperatures employed in the genera- 

tion of steam and in the process industries. This develop- 
ment has been coincident with a rapid increase in the size of the 
units. Approximate methods of design that had previously been 
acceptable could not be used for high-temperature high-pressure 
designs involving large equipment. With high temperatures and 
pressures, encroachment on safe operation could not be tolerated; 
and at the same time, the size of most units demanded economy 
in design without any compromise with safety. The result has 
been a steadily increasing need for flange-stress formulas which 
are correct over a wide range. 

During this period, methods of construction have also under- 
gone radical changes. Earlier flange designs were nearly all based 
| on flanges having hubs of approximately uniform thickness. 
The advent of welding has changed this and the most commonly 
used construction involves a flange with a tapered hub which 
is butt-welded to a shell or pipe. 

‘ Associate Professor of Mechanical Engineering, Yale School of 
Engineering, Yale University. Mem. A.S.M.E. Professor Waters 
has been engaged since 1914 in the teaching of engineering subjects 
in the field of machine design and applied mechanics, with the excep- 
| tion of one year in the Ordnance Department, U.S.A., where he served 
under the Chief Ordnance Officer, A.E.F., in maintenance and con- 
struction work. For the past 10 years he has been a consultant on 
various problems of stress analysis in connection with the design of 
pressure vessels. 

*Home Office Engineer, The Travelers Indemnity Company. 
Jun.A.S.M.E. After receiving an M.E. degree from Stevens Institute 
of Technology in 1927, Mr. Wesstrom spent five years with the M. W. 
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chairman of the Boiler Code Subcommittee on Special Design, and 
is chairman of the A.S.M.E. Special Committee on Rules for Bolted 

Connections. 
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Formulas for Stresses in Bolted Flanged 
Connections 


A number of different methods have been used for calculating 
the stress in a flange, which are reviewed later in this paper. The 
general observation can be made, however, that in each case they 
had limitations which confined their use to certain types or ranges 
of flange cross section. 

Extensive interest in the subject dates back to about 1927 
when the Taylor-Waters formulas were presented before the 
A.S.M.E. (1).5 These formulas had been based upon, and checked 
by, actual deflection tests conducted by J. Hall Taylor in 1924 
and 1925. This method of calculating the stress in a flange has 
been the one most widely used since that time for the reason that 
it was substantiated by test data and was reasonably accurate 
over a wide range. 

Flange design became a subject of extensive discussion and the 
methods of approaching and handling the problem of practical 
design were numerous. This resulted in the appointment of a 
joint committee composed of representatives of the A.S.M.E. 
Boiler Code Committee, the Joint A.P.I.-A.S.M.E. Pressure 
Vessel Committee and American Standards Association Commit- 
tee BI6E. In 1934 this committee drafted a set of rules (2) which 
set up a uniform procedure covering all important phases of the 
design, and represented the first known effort to introduce a 
rational stress analysis into the commerical design of flanged 
connections. This committee is continuing its work in an effort 
to improve these rules and recently it has had the additional 
assistance of the Heat Exchanger Institute. 

One of the most important actions of this committee was a 
recognition of the importance of the longitudinal bending stress 
in the hub. Prior to the publication of these rules most designs 
had simply checked the tangential stress at the inner diameter 
of the flange and had ignored the possibility of the hub stress 
being the critical factor. The formula for the hub stress appeared 
in the Taylor-Waters paper (1) of 1927 but was not generally 
used. 

Because of the conditions mentioned, the authors wish to pre- 
sent in this paper a condensed discussion of the problem of flange 


States Naval Academy. He was graduated in 1920 as an Ensign in 
the United States Navy, from which grade he resigned in 1923. 
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mittees. 

4 District Manager, Taylor Forge & Pipe Works. Mem. A.S.M.E. 
Mr. Williams was graduated with a B.S. degree from Yale University 
in 1925, and since that time has been connected with the Taylor 
Forge & Pipe Works. He is a member of the A.S.M.E. Boiler Code 
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stresses and their calculation. The various methods that have 
been used are summarized with a brief analysis of each, and finally 
formulas are presented that are believed to give accurate results 
over a wide range. 


REVIEW OF EARLIER WoRK 


Brief comments on some of the more important developments 
in the calculation of flange stresses will serve as a background for 
this paper. 

Perhaps the earliest method of calculation to receive wide 


Fie. 1 


ILLUSTRATIONS OF EARLIER METHODS OF CALCULATING 
Srress 1n A FLANGE 


attention was the so-called ‘Locomotive’ method, (3) generally 
credited to the late Dr. A. D. Risteen. The section abedefg in 
Fig. 1 is assumed to rotate counterclockwise, but without 
distortion. The final equation is in effect the conventional 
flexure formula, the external moment being the total bolt moment 
per radian angle and the section modulus being that taken 
about the axis X-X’ through the center of gravity O. For 
ring flanges this gives the tangential stress on either face, and 
for hubbed flanges it gives the tangential stress at the free end 
of the hub. 

Crocker and Sanford developed a method (1, 4) whereby the 
flange is analyzed as a beam, in which bending about the neutral 
axis X-X” takes place on the section A-A, and the external loads 
are one half the bolt load W and one half the reaction R, each 
concentrated at the center of gravity of their respective half- 
circles hij and klm. (The location of the bolt-load circle, however, 
was assumed tangent to the inner edge of the bolt holes, and not 
along the bolt circle as shown in Fig. 1.) This method likewise 
gives the tangential stress on either face of a ring, or at the free 
end of the hub. 

Den Hartog (4) showed by vector analysis that although the 
Locomotive and Crocker-Sanford methods are derived in different 
ways, they are fundamentally identical. 

A method devised by Tanner for ring flanges, and discussed 
by Waters and Taylor (1), is to assume the ring to be fixed at 
the section B-B around the bolt circle and to be equivalent to a 
cantilever beam of length L, with the ‘“‘concentrated” load R 
uniformly distributed across a width equal to the circumference 


of the ring. This method gives the radial stress assumed to be 
present at section B-B. In the application of the method, 
Tanner took account of the tangential stresses by using suitable 
factors derived from experiments on rings of the proportions in 
which he was interested. The Tanner method was modified by 
Crocker (1, 4) for application to hubbed flanges (and presumably 
adaptable to ring flanges also) by assuming the fixed section to 
be the weakest section C-C in the ring at the base of the hub, 
with the load W “concentrated” at the distance L, at the free 
end and distributed along the bolt-loading circle. This likewise 
results in a calculation of the radial stress assumed to exist, in this 
case at section C-C. 

None of the foregoing methods took into account all the condi- 
tions present in the flange under load, and so the Waters and 
Taylor paper in 1927 (1) based on a combination of the flat 
plate and the elastically supported beam theories, was prob- 
ably the first instance in which the stress conditions in a 
flange in the three principal directions—tangential, radial, and 
axial—were explored with the object of determining the location 
and magnitude of the maximum stress. Formulas were included 
for the deflection of the ring, and the calculated deflections 
were compared with those actually obtained in several series of 
tests, the data of which were also reported. Because in flange 
proportions considered at that time the tangential stress in the 
ring at the inside diameter was the controlling factor, the 
formulas for stresses elsewhere in the flange were generally over- 
looked by designers. 

The Waters-Taylor paper evoked extensive discussion (4) in 
the course of which Timoshenko presented an analysis for both 
ring flanges and hubbed flanges, including a method of dealing 
with hubs shorter than the so-called “critical” length. Most of 
these formulas can be found also in his work on “Strength of 
Materials” (5). 

In 1931 Holmberg and Axelson wrote a paper (6) in which they 
used the flat-plate theory in developing formulas for stresses 
in loose-ring flanges and in flanges made integral with the wall 
of a pressure vessel or pipe. 

In a series of articles recently published (7), Jasper, Gregersen, 
and Zoellner discussed further the formulas of Timoshenko, and 
Holmberg and Axelson. They also made an outstanding contri- 
bution to the subject by presenting the results of an extensive 
series of tests on plaster-of-paris models. Some of the data ob- 
tained were used in developing an analysis of the stresses in 
hubbed flanges having a large circular fillet at the junction of hub 
and ring. 

When the rules for flanges in the A.S.M.E. and the A.P.1- 
A.S.M.E. Unfired Pressure Vessel Codes (2) were first published 
in 1934, the wide range of their application made it necessary to 
use formulas based on a rational and complete theory, and because 
the Waters-Taylor equations met this requirement and had been 
checked by experiment, they were adopted, with auxiliary charts 
to simplify the calculations. The radial-stress formula was 
omitted, however, because it was not believed that it would be 
the critical factor in any practical design. 

Several years of experience with the A.S.M.E. rules and the 
rapid development of large-size equipment for high pressures 
and temperatures have indicated the need for a revamping of 
these formulas. The influence of shearing forces at the junction 
of hub and ring was not included in their derivation, and this 
effect is important in many instances. The formulas are incot- 
venient to handle because they are based on the mean diameter 
and thickness of the hub; also, other assumptions on which they 
are based lead to difficulties. The method of handling hubs of 
nonuniform thickness, such as tapered hubs and large circular 
fillets, has proved unsatisfactory and it is believed does not giv 
proper credit for reinforcement provided by such designs, whe! 
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a small amount of metal is so distributed as to result in greatly 
increased strength. 

In the sections that follow the authors develop a method of 
flange-stress calculation, which it is believed will be easier to 
handle than the previous form of the formulas, and which is 
accurate over the complete range of practical design covering 
hubs of either uniform or tapered section. 


Basis OF THE PRESENT Stupy 


The formulas presented in this paper can be applied to the 
circular flanges of bolted joints under pressure, such as flanges 
on heat exchangers, condensers, vulcanizers, and piping, when 
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the flanges are free to deflect under the action of the bolt pull. ws 
This includes all types of flange facing where the gasket or con- alrad) 
tacting flange surfaces are entirely within the bolt circle, and 
excludes all cases where there 
is any contact outside of the 
bolt circle, as in a full-face 
gasket. 
It is assumed that the flange | 
is made of a homogeneous Io | 
material having stable elastic = +) w. 
properties obtain under the 
conditions of loading assumed 
in the design. It is beyond 
the scope of this paper to 


discuss what occurs when the 
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It is not the purpose in this 
paper to deal with the prob- 
able stresses set up in the bolts 
44 on tightening them, or with 
the gasket or contact pressure 
required either to seal the con- 
tact surfaces or to maintain 
pressure tightness. These are 
separate items in the general 
subject of flange design and 
can be considered independ- 
ently of the study of stresses 
in the flange under any given 
bolt load. It is assumed there- 
fore that the bolt load has 
H been determined, and this is 
used as a starting point. 

It is also assumed that the 
F7 lever arm of the bolt load has 

been determined. Most flange 
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FUSION LAP- WELDED 
WUBBED FLANGE 


Y VY designs involve a compound 
Yj 7, lever arm, and a method, not 
MM#z@|!_ theoretically exact but suffici- 


ently approximate for prac- 
tical purposes, for calculating 
compound lever arms may be 


FUSION BUTT- WELDED 
HUBBED FLANGE 


Fio. 2 Some Types or FLANGEs TO WHICH THE AUTHORS’ ForMULAS ARE APPLICABLE 


material becomes plastic. However, the general statement may be 
offered that when using these formulas to design steel flanges for 
high-temperature service, creep or progressive plastic deformation 
heed not be taken into account if the design is such that the cal- 
culated stresses do not exceed the values at which creep will have an 
§ppreciable effect. In other words, the design should be based on 
the conditions obtaining in service after relaxation of the bolts and 

ges is practically complete, using an appropriate safety factor. 


found in Par. UA-20 of the 
A.S.M.E. Unfired Pressure 
Vessel Code or Par. W-317 of 
the Joint A.P.I.-A.S.M.E. Unfired Pressure Vessel Code (2). 

The further assumption is made that for practical purposes 
the effect of the external moment on the flange, equal to the 
product of the bolt load and the lever arm, is the same in all 
cases, regardless of the location of the bolt circle and of the forces 
balancing the bolt load. This assumption may appear rash, but 
studies have been made that indicate it is practically true for 
ring flanges without hubs, and it is reasonable to suppose that 
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the same would obtain for hubbed flanges. The equations in the 
paper by Holmberg and Axelson (6) enable a study of the effect 
of applying the external loads at various diameters of a ring flange, 
and a detailed analysis of these equations has shown that the 
points of application can be varied over wide limits without 
affecting the results to any practical extent. 

It should be noted here that the formulas presented herein 
are applicable to flanges without limit as to diameter, pressure, 
and temperature, and aside from the restriction as to type of 
flange facing noted previously, to flanges of all types. Some of 
these types are illustrated in Fig. 2, in which obviously the 
various forms of flange facing may be interchanged. Thus the 
formulas may be applied to loose flanges, with or without hubs, 
screwed flanges and flanges attached by riveted or welded lap 
joints, and integral flanges and flanges made integral by through 
welding a ring or butt welding a hub. In the Unfired Pressure 
Vessel Code (2) screwed flanges are considered as loose flanges 
because the shell or pipe offers very little, if any, resistance to 
the deflection of the flange. Flanges riveted and welded by means 
of lap joints are also considered as loose flanges. This results 
in a heavier flange, which is desirable in order to keep the un- 
known tension stresses on the rivets and fillet welds at a reason- 
able minimum. 

The following analysis considers the general case of a tapered- 
hub flange, in the course of which a loose-ring flange, a loose 
flange with hub, and either a loose or integral flange with hub 
of uniform thickness are shown to be special cases of the general 
one. 


ANALYSIS OF StREss DISTRIBUTION 


The tapered-hub flange may be subdivided into three portions, 
which will hereafter be termed the ring, hub, and shell, as shown 
in Fig. 3. Each portion may then be studied as an independent 
unit, with undetermined boundary conditions (displacement, 
rotation, moment, shear) at the junction surfaces. When the 
portions are assembled, each of these boundary conditions on 
one side of any junction surface is identically equal to a correspond- 
ing condition on the opposite side; in addition, certain condi- 
tions are known at the free boundaries of the assembled flange. 
Hence, sufficient relations exist for the evaluation of all boundary 
conditions in terins of the external loading, the dimensions of the 
flange, and the elastic constants of the material. From the 
mathematical standpoint, the problem is then completely solved; 
practically, it remains to investigate certain stress distributions 
and, if possible, establish simplified formulas, so that the labor 
of checking critical conditions in existing designs, or determining 
the proportions of new designs, may be lightened as much as 
possible. 

The analysis may be greatly simplified by making the following 
assumptions: 

1 Due to axial symmetry, the complete flange may be replaced 
by a unit sector, i.e., a sector whose plane faces have the form 
of Fig. 3 assembled, and include an angle of 1/n. 

2 The loading consists of (a) internal hydrostatic pressure 
acting radially on the bore of the flange and, through an as- 
sumed closure, in an axial direction as well; and (b) a moment 
acting on the ring, so distributed that it may be replaced by an 
equivalent couple applied at the inside and outside diameter of 
the ring. 

3 Stretching of the middle surface of the ring, due to applica- 
tion of the ring moment, is negligible. 

4 Dishing, or rotation, of the ring is small, so that the two 
load systems and their elastic effects are linearly related; and 
the complete problem may be solved by superposition. 

5 When the ring moment is the only external load in action, 
point O shown in Fig. 3 has negligible displacement. 


6 The hub and shell may be treated as membranes subject 
to tension and bending, and the radius to the middle surface may 
in general be used interchangeably with the inside radius r, 
shown in Fig. 3. 

The following nomenclature is used throughout; in addition, 
the design formulas employ a notation, explained later, wherein 
the effort has been made to retain correspondence with present 
Boiler Code usage, as far as possible. In Fig. 3, where many of 
these symbols are indicated, it should be noted that forces and 
moments are shown in the direction which is taken as positive in 


this paper. 


NOMENCLATURE 

A = outside diameter of ring, in. 
a = lever arm, which when multiplied by the total bolt 

load W gives the total moment loading on the ring, in. 
B- = inside diameter of ring, hub, and shell, in. 
cn = constant of integration 

Et* 

= flexural modulus of ring = — in-lb 
E = Young’s modulus, lb per sq in. 
go = Shell thickness, in. 
g: = maximum hub thickness, in. 
g = intermediate hub thickness, in. 
h = hub length, in. 
K = A/B 


M, = moment on a unit sector of hub, at any point, lb. 
Subscripts 0 and 1 refer to this moment at the small 
and large ends of the hub, respectively 

M, = radial moment at any cylindrical section of the ring, 
per unit circumference of the section, lb. Subscripts 
1 and 2 refer to this moment at the inside and outside 
diameters of the ring, respectively 

M: = tangential moment at any point on a radial section of 
the ring per unit radius, lb. Subscripts 1 and 2 same 
as for M, 

P = shear on a unit sector of hub, at any point, lb per in. 
Subscripts 0 and 1 same as for My 

p = hydrostatic pressure, lb per sq in. 

Q = shear on a cylindrical section of the ring, per unit 
circumference of the section, lb per in. 

= inside radius of ring, hub, and shell, in. 

r, = outside radius of ring, in. 

r radius to any point in ring, in. 

t = ring thickness, in. 

W = total bolt load, lb 

equivalent bolt load, or total force applied at the out- 

side diameter of the ring, and (oppositely) at the 

inside diameter of the ring, which multiplied by the 
radial breadth of the ring equals the total moment 
loading on the ring, lb 

w = nondimensional radial displacement of hub or shell at 
any point, = y/n 

z = axial distance along hub or shell, measured from junc- 
tion surface between them, and positively in direction 
toward ring, in. 

y = radial displacement of hub or shell at any point, in. 
(positive away from axis) 

z = axial displacement of ring at any radius, in. (positive 
toward hub) 

a = taper factor for hub = (g; — go)/ge 

6 = shell modulus = V 3(1 — »*)/ritge? 

@ = rotation of element of junction surface between hub 

and ring 

hub modulus = 12(1 — »*) h*/r,%go* 
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¢ = nondimensional axial distance along hub = 2/h 
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The loading and dimensions for the ring are indicated in Fig. 
3. According to the Poisson-Kirchoff theory, the deflection of 


a flat plate with axial symmetry and no distributed load is given 
in polar coordinates by 


d? 1d d? 


By solving this equation and differentiating the expression for 
z the appropriate number of times, equations for M,, M:, and Q 
are obtained. The complete solution obviously has four integra- 
tion constants; only three boundary conditions are known so 
that, to eliminate all four constants, it is necessary to express 
a relation between two elastic conditions determined by the 
solution of Equation [1]. The most convenient relation, in so far 
as the subsequent analysis is concerned, is between M,, and 6; 
it may be expressed by the equation 


Also 
My Mri 2 + K*—1 


++ [2a] 


The three known boundary conditions which serve in the deriva- 
tion of Equation [2] are 


0 
Mr = 0 
Q = 

The hub loading is also shown in Fig. 3. The stresses and def- 
ormations are the same as those for a beam with varying section 
on an elastic foundation, if we consider a strip of the hub having 
wit circumferential dimension. Whether this dimension be 
measured at the middle, inside or outside surface is relatively 
unimportant; in this discussion, to preserve conformity with 
the ring analysis, the measurement is taken at the inside surface. 

Then the radial displacement at any point is given by 


4 


12 (1 — g 


dz? 


For convenience, this may be written in nondimensional form 
as 


d? d*w 
+ + at)w =0 


ty the substitutions defined in the nomenclature. It should be 
doted that the ratio h‘/r;%go?, which is the essential part of «, 
plays, with a, the most important réle in the strength of the hub. 

When g is variable, an exact solution is obtainable in terms of 
Bessel functions (9). In the present development, a close ap- 
Moximation is obtained by the strain-energy method with three 
pirameters (a), @2, a3) which are so related that, if a, is used alone, 
‘first approximation is obtained and all boundary conditions 
We satisfied; if a; and a; are used, a second approximation is ob- 


FUELS AND STEAM POWER 


vy = Poisson’s ratio; assumed value in design formulas is 0.3 
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tained with all boundary conditions satisfied; and similarly for 
4, 4, and a;, used together (10). With regard to the boundary 
conditions, it may be remarked that here again they are four in 
number, since we are dealing with a fourth-order equation. They 
may be taken as: The radial displacement at the large end, 
moment at the large end, moment at the small end, and shear 
at the small end, in which cases the first is known (zero) and the 
remaining three are, for the present, unknown. In harmony with 
the nondimensional notation used in Equation [4a], these three 
unknown conditions may be replaced by the three quantities A, 
A,, and Bo, which represent respectively the dimensionless 
curvature d*w/d at the small end of the hub, that at the 
large end of the hub, and the dimensionless curvature gradient 
at the small end of the hub. Then, as explained in the authors’ 
complete report (8), w can be written as a polynomial in powers 
of &, with a), a2, a3, Ao, Ai, and By appearing in the coefficients; 
and equations can be found which determine a, a2, and a; in terms 
of Ao, Ai, and Bo for any given « and a (i.e., any given hub pro- 
portions) and make the total energy of the strained hub, with 
its loads, a minimum. Coincidentally, Equation [4a] is approxi- 
mately satisfied. This step is tantamount to solving Equation 
[4a] for w in terms of three unknown constants of integration, 
the fourth being zero (w,; = 0). From the result, it is possible to 
compute slopes, moments, and shears by successive differentiation. 

The shell has constant thickness go and extends indefinitely 
from the hub. Using the same elastic theory as for the hub, two 
of the constants of integration vanish, and 


y = & sin Br + B2).............. 


4 
where 8 = : f , and z, it must be remembered, is now negative. 


Here again, the elastic conditions of higher order, such as slope 
and moment, are obtained by successive differentiation. 

The analysis of the three separate parts of the flange is now 
complete, but there are five unknown constants in the equations, 
and these must either be evaluated or eliminated before numerical 
results can be obtained that will be consistent for the flange as a 
whole. On opposite sides of the shell-hub interface, the displace~ 
ments, slopes, moments and shears are mutually identical; 
therefore, four equations exist whereby ¢s, ¢s, Ao, and By may be 
expressed in terms of A;. Having taken this step, it is then pos- 
sible to express the slope 6, moment M,, and shear P; at the 
large end of the hub, in terms solely of A;. Finally, since Mi, — 
1/2P,t = Mn, the quantities 6, Mx, and P,; may all be substituted 
in Equation [2] and the latter then solved for A,, giving the equa- 
tion 


2(1 — »v?) h? 


= 


where M and X are defined following Equation [10]. The result~ 
ing relation is the key to the derivation of the design formulas 
which are presented in a later paragraph. 

The mathematical articulation of the three parts of the flange, as 
just outlined, involves an excessively large amount of computation 
whenever a numerical problem is to be solved. However, by 
grouping all terms in the final formula for A; which contain the 
parameters a, a2, @; and constants A» and Bo into two factors F 
and V, the first of which is proportional to P;/A; and the second 
to 6/A;, and plotting curves of F and V with a and « (or their 
equivalents in hub dimensions) as arguments, a moderate 
amount of systematic computation in the preparation of the 
charts is substituted for many hours of labor on individual, 
unrelated design problems. The F and V factors appear in the 
design formulas, and are plotted in Figs. 4 and 5. In one case 


they apply to the integral type of flange that has just been ana- 
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lyzed; in the other, they are for loose flanges, where Aj = By = 0. 
In either event, they include the case of the uniform-hub-thick- 
ness flange, where a = 0. 

With regard to the shear force P; which enters into the deter- 
mination of A;, it should be noted that, theoretically at least, 
it can be determined either by differentiating w three times or 
integrating it once. Actually, due to the approximate nature of 
the strain-energy method, the two results are never identical. 
It is reasonable to suppose, however, that a single integration 
would introduce a smaller error than three successive differentia- 
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tions, and comparison of numerical solutions by the precise 
and strain-energy methods bears out this assumption. The 
authors have accordingly used the following expression for P, in 
the detailed’mathematical development: 


E h 
r; 


DEVELOPMENT OF DESIGN FORMULAS 


For design and inspection purposes, a detailed analysis of the 
elastic conditions in all parts of the flange is superfluous, and the 
requisite data for information and guidance should be consoli- 
dated into a few usable formulas for stresses that may possibly 
be critical. Such formulas would be expected to cover con- 
ventional practice, or conservative extensions beyond present 
conventional design, but always with the reservation that new 
designs of more radical proportions might possess critical sections 
that would only come to light through the detailed analysis. 
All evidence indicates that for a flange with straight hub, the 
critical stresses are the radial and hoop stresses at the inside 
diameter of the ring, and the axial hub stress at the surface of 
junction with the ring. When the hub tapers in the manner 
assumed in this paper, the same critical stresses may be expected 
with the exception that, when the angle of taper increases be- 
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yond a certain limit, relative to the other hub proportions, the 
hub becomes so much more rigid than the shell that the location 
of the critical axial stress in the hub may be displaced from the 
large toward the small end or even into the shell. The question 
of the location and magnitude of this critical stress is of the first 
importance, and a careful study of stress distribution was made 
for the entire range of hub proportions covered in the charts for 
F and V, shown in Figs. 4 and 5, to determine under what cir- 
cumstances a correction factor should be applied to the stress 
at the large end of the hub, so as to obtain the true maximum 
stress. It was found that the maximum axial stress always oc- 
curred either at one end of the hub or the other; consequently, 
it is a simple matter to compute its value by using, for the hub 
moment, either Mn; or Mio, according to the location of the criti- 
cal section. This has been done in design formula [8], where the 
factor f has been introduced to make the appropriate correction, 
if any, in the stress. One exceptional condition arises: When a 
and « are such that the bending stresses at both ends of the 
hub are approximately equal, slight oscillations in the values of 
stress at points along the hub make f somewhat greater than 
unity. This has been taken account of, in preparing the chart 
for f shown in Fig. 6, by an adjustment of the lower end of the 
curves in the vicinity of f = 1. 
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Fig. 5 Vautues or F anp V ror a Loose FLANGE 
(Subscript LZ denotes values of F and V are for a loose flange.) 


F In the case of loose flanges, an investigation of hubs over the 
ranges of proportions considered in this paper brought out the fa¢' 
that the maximum bending stress always occurs at the larg 
end of the hub, consequently f = 1 for loose flanges. 

In accordance with the foregoing principle, three design {or 
mulas have been derived from Equation [6] for computing th 
maximum axial stress in the hub (or shell), the radial stress " 
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the ring at its inside diameter, and the corresponding hoop or 
tangential stress. The first of these results directly from substi- 
tution of Equation [6] in 


EI d*y 


dividing by the section modulus g,?/6 according to the simple 
flexure theory, and multiplying by the factor f, which is the ratio 
of the maximum axial bending stress to the axial bending stress 
at the junction of the hub and ring. The second results from 


Eg, 1 


~ 12(1 — v2) h? 


1 
substitution of My, and P; in the equation M,, = Mr, — 3 


followed by the usual conversion from moment to extreme 
fiber stress, to which is added the radial stress due to the shear 
P, assumed to be uniformly distributed through the ring thick- 
ness. The third is obtained exactly as the second with the added 
use of Equation [2a]. In this third formula, the hoop stress due 
to P, is added. Finally, it is assumed that » = 0.3 and the 
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ogarithmic base is changed from e to 10 to facilitate slide-rule 


computation. Then, using the special design notation, these 
stresses are 


t/9o 
| 
Sr = (MY/t®) [10] 


maximum axial stress at outer surface of hub or 
shell, lb per sq in. 


Sr = radial stress at the inside diameter of the ring, in 
ring face next to hub, lb per sq in. 

Sr = hoop stress coincident with Sr, lb per sq in. 

M = Wa/B 

f = ratio of Sa to axial stress at outer surface of hub 
where hub joins flange = stress-correction factor. 
Values are plotted in Fig. 6 for ¢:/go from 1 to 5, 
and h/+/(Bgo) from 0.25 to 1.50 

F plotted in Figs. 4 and 5 for the same range as in 

V{~ Fig. 6 
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Functions of K are plotted in Fig. 7. It should be noted that 
in the case of loose-ring flanges, there is no hub, consequently 
Sa and Se as given by Equations [8] and [9] equal zero. 


TapereD-Hus Fiance Hyprostatic Pressure aNp No 
Bott Loap 


There is an apparent paradox in the title of this section, in 
that the externally applied forces are not balanced in the axial 
direction. Actually, the axial pull on the shell may be thought 
of as balanced bya virtual pull on the contact face of the ring, upon 
which is superposed a couple of sufficient magnitude to give a 
resultant pressure on the contact face; and since the stress effects 
of this couple are completely determined by the methods given 
earlier in this paper under “Analysis of Stress Distribution,” 
the hydrostatic end force on the shell and the virtual pull on the 
ring face are the only axial loads that need be considered here. 
It must further be observed that point O shown in Fig. 3, can no 
longer be considered as fixed, since the hydrostatic pressure tends 
to stretch both hub and ring, whereas in the method given earlier 
in this paper under “Analysis of Stress Distribution” the shearing 
action at the interface tends to stretch one part and shrink the 
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other, so that the net effect can, with some justification, be dis- 
regarded. With these preliminaries, a stress analysis will now 
be outlined. 

The radial force acting outward on the ring at its inside 
diameter is p — P,/t per unit area, and the radial displacement 
of point O’ shown in Fig. 3 may be found by the usual thick- 
cylinder analysis. The displacement y of point O is greater 
than this by —'/, @t; this gives a relation between y, P;, and 6. 
Secondly, the rotation between the hub and the ring at O is 
found by letting W; = 0 in Equation [2] and solving for 6; this 
gives a relation between @ and Mn, or 6, Mm, and P;. The hub 
and shell equations are identical with Equations [4] and [5] 
except that the right-hand members have a constant term pro- 
portional to p/E which gives, in the solution for y, the membrane 
expansion due to p with discontinuity effects neglected. All told, 
there are six constants of integration (four in the solution of the 
hub equation and two in that for the shell); and since there are 
four identical elastic conditions at the shell-hub interface and two 
independent relations established for the ring, the necessary and 
sufficient equations exist for evaluating them. 

Unfortunately, the computations for a single problem are 
extremely laborious; however, it would be possible to derive 
a set of F and V values analogous to those presented previously 
in this paper, in which the combined rotation and expansion of 
the ring are taken into account, and which could be used in simpli- 
fied formulas like Equations [8], [9], and [10], but with M re- 
placed by p, to compute the first and second peaks of stress 
caused by the internal pressure. 

It may also be suggested that, since the discontinuity stresses 
due to pressure are apt to be much smaller than those due to bolt 
pull, it is not necessary to compute them with any great precision. 
Suppose, for a first approximation, that the tapered hub and shell 
are replaced by a shell of constant thickness gp, and that the ring 
is wide enough to prevent expansion of this assumed hub at its 
constrained end. If there is no rotation of the ring, the existence 
of internal pressure causes a large positive moment at the junction 
with the hub, which is of no consequence as it is counteracted by a 
negative moment at the same location due to bolt pull; further- 
more, the first peak of negative moment due to internal pressure 
is so small as to be inconsequential. On the other hand, if we 
permit the end of the assumed hub to rotate freely, at the same 
time constraining it against expansion, we obtain a zero moment 
at the junction of hub and ring, and a negative moment at some 
distance from this point, which is in general of the order of 
magnitude of the negative peak of moment that occurs in the 
actual hub-shell combination under pressure from within. The 
extreme fiber stress due to this moment may be combined with 
the stress due to the hydrostatic end force, and with the maximum 
bending stress in the hub due to bolt pull, if the latter occurs at 
the small end of the hub, to get an approximate value of the 
maximum longitudinal stress due to both internal pressure and 
bolt pull. If the maximum longitudinal hub stress due to bolt 
pull alone occurs at the large end of the hub, it is considered un- 
likely that a much greater longitudinal stress, due to combined 
bolt pull and internal pressure, occurs at any point whatever. 

The mathematical expression for the maximum longitudinal 
stress in the hub, caused by internal pressure, is greatly simplified 
by this approximation. Using 


y = & (cq sin Bx + cos Bz) 


and its first and second derivatives, and specifying that y = My, = 
0 when z = 0, it is found that the integration constants become 


v\ ri2p 
Oand ou = —(1—5) 
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Substituting these in the equation for the moment and its first 
derivative, the maximum moment in the hypothetical hub, due 
to pressure, is found to occur at a distance s = — +/48 from the 
back of the ring, and its value is 


( (2V/2) 6? 


The corresponding longitudinal tensile stress in the outer surface 
of the hub, assuming » = 0.3 is 


= 0.5 1 p/go 


In other words, the maximum stress in the outer fibers of the 
hub, due to bending caused by internal pressure, is of the same 
magnitude as the direct tensile stress in the shell due to the hydro- 
static end force. 


ILLUSTRATIVE PROBLEMS 


A few illustrative problems are given as an aid to a clear under- 
standing of the charts and design formulas. In the second and 
third problems, a calculation of the bending stresses along the 
hub and shell has been made, showing the separate effects of 
bolt load and hydrostatic pressure. This requires the use of 
formulas and methods which are only outlined in the present 
paper, but are given in complete detail in the authors’ report, 
previously referred to (8). 

Example 1. Given an integral flange with the following di- 
mensions: A = 44!/, in., B = 365/s, in., ¢ = 2%/iin., go = 1 
in.,g: = 1'/2,in.,h = 3'/gin. Find the critical stresses Sz, Sr, Sr, 
assuming that the bolting is such as to give a ring moment of 
402,000 in-lb. 

The design factors are: M = 10976, K = 1.2048, g:/go = 1.4, 
h/»/Bgo = 0.5164, t/ge = 2.9875, »/B/go = 6.05186. From Fig. 
4, F = 0.847, V = 0.310, and entering Fig. 7 with K, it is found 
that 7 = 1.835, U = 11.91, ¥ = 10.4, Z = 5.60. According 
to Fig. 6, f = 1. By calculation, X = 1.139, and the three 
stresses that may be critical are, in round numbers: Sz = 
5500 lb per sq in., Se = 2200 lb per sq in., and Sr = 700 lb 
per sq in, 

This flange is designed to carry an internal pressure of 75 
Ib per sq in., which gives a longitudinal membrane stress of only 
460 lb per sq in. at the large end of the hub, negligible in com- 
parison with Sz. At the small end of the hub the longitudinal 
membrane stress is 700 lb per sq in., which, as previously stated, 
may be taken as a rough indication of the maximum bending 
stress that may be expected from the internal pressure. 

If we compare the stress conditions in this flange as just com- 
puted with those in an identical flange not secured to a shell, i-e., 
a loose flange with hub, we find that F and V have new values. 
These, as obtained from Fig. 5 are Fx = 1.52 and Vz = 0.%. 
This changes X to 0.773, and the three stresses become Sz = 
3770 lb per sq in., Se = 1950 lb per sq in., and Sr = 220 
Ib per sq in. If the hub of the loose flange is made progre> 
sively shorter, it will be found that Sa and Sr approach er, 
while Sr becomes the critical stress and approaches its max 
mum value of 13,230 lb per sq in. 

Example 2. A filter shell flange has the following dimensions 
A = 127 in., B= 1201/, in., = 215/16 in., go = 5/, in., * 
in., h = in., bolt-circle diameter = 1241/, in., outside 
diameter of gasket = 123 in., inside diameter of gasket = 121'/ 
in. Thirty-six 1'/,-in. bolts are used, with an allowable stre# 
of 20,000 Ib per sq in. Using a slight modification of the method 
specified in the A.S.M.E. Code for Unfired Pressure Vessels {ot 
computing the effective loading on the ring, in accordance wit 
the practice of certain designers, the equivalent ring moment Wé 
is assumed equal to 903,000 in-lb. 
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The various factors in the design formulas are then as follows: 
K = 1.0561, 9:/go = 1.8, h/-V Bgo = 0.3605, F = 0.852, V = 0.293, 
T = 1.90, U = 39.0, Y = 35.2551, Z = 18.3295, t/ge = 4.7, 
V B/go= 13.8708, X = 1.3427, M = 7509.36, andf = 1.4. The 
foregoing factors have been computed either directly or from plot- 
‘ed values of a,/A}, a2/A, etc., since it was desired to include a 
detailed analysis of hub stress in this and the following problem, 
for which accurate values of the design factors are essential. 
Stresses that may be critical are, in round numbers: Sx = 
11,000 Ib per sq in. (at small end of hub), Se = 1600 lb per sq 
a, and Sr = 750 lb per sq in. It is quite obvious that in this 
particular flange the ring stresses are negligible. 

Using the detailed stress analysis in the authors’ complete 
rport (8), the displacement, bending moment, and bending stress 
athe hub and shell have been computed for selected points, 
ind the corresponding curves are shown in Fig. 8. These curves 
wing out clearly the stiffening effect of the tapered hub, the 
‘fect of the taper in shifting the maximum moment and bending 
tress away from the large end of the hub, and the small value 
the shell as a strengthening element after a certain length 
&s been reached. No curves are shown for the ring, since the 
tg stresses are not critical and the ring proportions are such 
‘tut it rotates with practically no change of shape. 

Example 3. The flange of example 2 is subjected to an internal 
measure of 50 lb persqin. Again using the formulas in the com- 
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plete report, curves of displacement, moment and bending stress 
are shown in Fig. 8 for the effect of hydrostatic pressure with 
bolt pull absent. The dashed line indicates the membrane ex- 
pansion of the three elements of the flange, treated as independent 
members without discontinuity stresses. The slope of the solid 
displacement curve at the junction of hub and ring illustrates 
the rotation of the ring due to hydrostatic pressure alone, in 
which respect the behavior differs markedly from that of a cylin- 
drical vessel with reinforcing ring at a distance from its end. The 
moment at the large end of the hub is reduced, and the maximum 
occurs not at that point but at the second peak, where its sign 
reverses so that the bending stresses due to bolt pull and hydro- 
static presstire are additive. 

When the effects of bolt pull and internal pressure are combined, 
it is found that the latter adds considerably over 25 per cent 
to the bending stress caused by the former; thus, illustrating the 
importance of an investigation of pressure effects when the two 
components of bending stress have additive maxima. It should 
also be noted that the total expansion reaches a maximum of 
about 200 per cent of the membrane expansion alone. However, 
since the membrane hoop stress in the shell, figured by the custo- 
mary simple rule, is somewhat less than 5000 lb per sq in., the 
actual maximum hoop stress is not excessive when compared 
with the maximum bending stress. Specifically, the total stresses 
at the junction of shell and hub are as follows, using Hooke’s 
law for two dimensions: 


Axial stress, outer surface = longitudinal membrane stress + 
bending stress = 16,575 lb per sq in. 

Axial stress, inner surface = longitudinal membrane stress — 
bending stress = —11,765 lb per sq in. 

Hoop stress, outer surface = (EZ X total hoop strain) + 
v (axial stress in outer surface) = 12,068 lb per sq in. 


Hoop stress, inner surface = (EF X total hoop strain) + 
v (axial stress in inner surface) = 3565 lb per sq in. 
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Tue Apparatus USED IN THE EXPERIMENTS 


The Condensation of Flowing Steam 


Part I—Condensation in Diverging Nozzles 


The authors discuss the apparatus and method used in 
determining the point of condensation in diverging 
nozzles. The discussion is restricted to nozzles with very 
short throats and with angles of divergence greater than 2 
deg. As a primary result of the work described, the au- 
thors locate the Wilson line for continuously expanding 
steam at the 4.5 per cent moisture line on the Mollier 
diagram. Condensation points and sizes of steam drop- 
lets are discussed for various pressure and temperature 
conditions before expansion and for various back pressures. 


NOMENCLATURE 
7: E FOLLOWING symbols are used in this paper. 


Special 
notations are explained as the necessity arises: 


A = area, sq ft 
a = area, sq in. 
d = liquid density, lb per cu ft 
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= enthalpy, Btu per lb 
¢ = exponent of isentropic expansion for wet steam 
= area ratio, a2/a; 
= abs pressure, lb per sq in. 
= abs pressure, lb per sq ft 
= droplet radius, ft 
gas constant, ft-lb per deg per lb 
= supersaturation ratio = p./p, 
= temperature, F 
= abs temperature, F 
= velocity, fps 
V = specific volume, cu ft per lb 


x = exponent of isentropic expansion for steam expanding 
after condensation 
8 = pressure ratio, p2/pr 
y = exponent of isentropic expansion for superheated 
steam 
o = surface tension, lb per ft 
Ah = 


; = isentropic change in enthalpy, Btu per lb 


presented in this paper were the basis of his thesis for his M.S. 
degree. 

Contributed by the Fuels and Steam Power Division for presenta- 
tion at the Semi-Annual Meeting of THe AMeprRIcAN Society or 
MECHANICAL ENGINEERS, to be held in Detroit, Mich., May 17-21, 
1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1937, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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5h = loss due to supersaturation, Btu per lb 
ét = undercooling, t, — t,,, F 
The following subscripts are used: 
= equilibrium expansion or condition 
saturated condition 
supersaturated condition 
condensation condition 
initial condition before the expansion 
final condition after the expansion 


INTRODUCTION 


It has long been known that in rapid expansions steam does not 
condense when the saturated condition is reached. Instead it 
continues to expand as in the superheated region, thus becoming 
supersaturated or undercooled. This condition persists until 
the steam reaches some lower pressure at which condensation sud- 
denly takes place in the form of a vast number of extremely mi- 
nute droplets. This phenomenon has been of interest.to_physi- 
cists since the classic researches of C. T. R. Wilson (1),* whose 
cloud chgmber is widely used in the study of ionization problems. 
J. J. Thomson (2) analyzed the work of other important contribu- 
tors to this field, among whom should be mentioned Aitken, 
Barus, von Helmholtz, and Sir William Thomson, later Lord 
Kelvin. 

The late H. M. Martin suggested in 1918 (3) that this failure 
to condense might be of importance in the design of turbine 
nozzles. It was Martin (3, 4) who applied Wilson’s name to the 
line on the Mollier diagram which marks the loci of the condi- 
tions at which condensation actually occurs. Stodola (5, 6) made 
a number of experiments in this field and originated the optical 
method which has been used by the authors in the present work. 
Vol. 2 of Stodola’s monumental work on steam turbines contains 
a detailed discussion of many aspects of this problem. A different 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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approach to the subject was made by Goodenough (7), in which 
he maintained that two-phase velocities were probably responsible 
for the peculiar flow coefficients found with wet steam. 

In 1934 Yellott (8) published the results of work done at the 
Johns Hopkins University under the guidance of A. G. Christie. 
This work has since been carried forward by J. T. Rettaliata (9). 
Since 1934 an extensive series of tests has been performed; 
first at the University of Rochester by Yellott and Gridley, and 
later at Stevens Institute by the authors. The purpose of this 


__work, part of the results of which are presented in this paper, was 
to check the accuracy of the original tests and to clarify certain 


points which were not thoroughly understood. | It was soon dis- 
covered that an error in the original experimental methods had 
caused an incorrect location of the Wilson line. Improved ap- 
paratus also revealed a number of phenomena which did not ap- 
pear in the original experiments. 

The investigation of the general problem of the condensation 
of flowing steam is still under way, and it seems desirable to pre- 
sent at this time only the results of the work on diverging nozzles. 
This phase of the work has been subjected to repeated tests and 
the results are so consistent that they are considered by the 
authors to be reliable. 

The condensation which occurs in converging nozzles has not 
yet been studied in sufficient detail to warrant publication of the 
results which have been obtained. It must suffice to say that 
condensation can occur in converging nozzles and it is usually 
accompanied by rapid growth of the droplets. Condensation 
can occur over a relatively wide range of steam conditions, and, 
as suggested by Rettaliata (9), a Wilson zone must therefore be 
introduced to replace the Wilson line. 


Tue ExpPERIMENTAL WorRK 


Basis of the Experimental Work. When work was begun on 
this problem in 1931, it was found that with proper illumination 
the point of condensation in flowing steam could be seen clearly. 
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Ifa beam of intense light were passed axially along the nozzle, the 
light scattered by the droplets could be observed through a glass 
window in the top of the nozzle. This principle has been em- 
ployed in all of the succeeding work, although the apparatus has 
been considerably improved and the experimental methods have 
been refined. The static pressure at the condensation point was 
determined by very small holes in a brass search tube which 
could be traversed along the axis of the nozzle. A sharp break 
was found to occur in the pressure-length curve at the point where 
condensation took place. Because of this fact, condensation 
points could be located even when the optical method was not 
employed. 

It was noticed that the light scattered by the drops was blue in 
color and almost completely plane-polarized when observed from 
‘direction normal to that of the incident light. The drops were 
thus shown to be far smaller than the wave length of the light 
Vhich was scattered by them. This polarization was frequently 
wed to assist in locating the point at which the condensation oc- 
curred. When condensation took place in larger drops or when 
originally small drops grew to larger size, the nature of the 
polarization changed. 

Description of the Apparatus. The apparatus now being em- 
ployed is shown in Fig. 1. It is quite similar to that used in the 
original work (8), but a number of important changes have been 

Referring to the sketch of the apparatus shown in Fig. 2, 
team from the laboratory mains enters through a pressure regu- 
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lator. A cooling jacket around the inlet pipe allows the steam to 
be thoroughly desuperheated if necessary. Further regulation 
is accomplished by the globe valve A, after which the steam passes 
into the 6-in. vertical pipe B. An inverted metal cone C is of 
some value in removing the larger drops of water which frequently 
accompany the incoming steam, but the smaller drops do not 
appear to be deterred by it. Drainage is accomplished by the 
steam trap D. 

The electrical superheater Z, consisting of five nichrome coils 
supported by porcelain insulators and steel rods, is capable of dis- 
sipating about 8 kw. It is controlled by the knife switches S, 
and the input is measured by the voltmeter V and the ammeter J. 
Power can be supplied either from the laboratory d-c line at 110 
volts or from a small turbogenerator. The voltage supplied 
by the generator can be controlled by means of the field rheostat 
R, which permits close regulation of the steam temperature. 

The steam then passes through the cross which is equipped with 
glass ports at FandG. Light from the carbon arc K is admitted 
through G and the entering steam can be examined through F. 
The leads from the superheater are brought out through insulated 
bolts in the top flange H. The temperature of the steam is meas- 
ured bya precision-grade mercury-in-glass thermometer which is in- 
serted in a mercury-filled thermometer well at 7. This thermome- 
ter has been calibrated by the National Bureau of Standards 
and checked in place by the pressure-temperature relation for 
saturated steam. When the proper stem correction is applied, 
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the thermometer gives results which agree within 0.1 F with the 
saturation temperature when wet steam is passing through the 
apparatus. 

The pressure is measured by a calibrated Bourdon gage or a 
mercury manometer connected to a '/¢in. pressure tap at P; in 
the side of the cross. The principal difference between the pres- 
ent apparatus and that used at the Johns Hopkins University 
(8) lies in the fact that for the earlier work the temperature was 
measured by a thermometer located at F while the pressure was 
measured from a !/3:-in. tap in the bottom of the nozzle channel at 
P;. It was thought at that time that the pressure drop, pi: — Ps, 
through the entrance to the channel was negligible. This as- 
sumption was later found to be erroneous, and because of it the 
Wilson line as located in 1934 (8) was about 1 per cent too high. 

The nozzles are located in the cast-iron channel J, which is 
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(Steam conditions: p: = 60 lb per sq in. abs; 4 = 306 F; and p: = 29 |b 
per sq in. abs.) 


shown in detail in Fig. 3. The channel, which is 2 in. wide, 1 
in. deep, and 15 in. long, is located in the lower part of the nozzle 
assembly. The upper part of the assembly is bolted tightly to 
the lower part, and '/s-in. rubber-sheet packing is used to pre- 
vent leakage. The central portion of the top of the assembly is 
cut away to accommodate the glass plate U. The plate is a 
special high-temperature glass, 5/s in. thick. The glass bears 
directly on the scraped cast-iron surface MM, and is held down 
by the cover plate Q. Several thicknesses of sheet packing are 
used as a gasket between the cover plate and the glass, and leak- 
age at this point is effectively prevented. The use of this double 
construction has eliminated the glass breakage which frequently 
occurred in the original apparatus. 

A number of different nozzles have been used in the work. 
Usually the nozzle is rectangular in cross section and is made by 
bolting appropriately shaped brass blocks to the walls of the 
channel. Round nozzles have been made by drilling holes in 
1-in.-square steel stock and milling or turning out the superfluous 
material. Fig. 4 illustrates the flow from such a round nozzle 
with a rounded approach. 

Recently interesting results have been obtained with a variable 
convergent divergent nozzle, the angle of divergence of which 
can be varied while the nozzle is being observed through the glass 
plate. This nozzle was designed by R. Z. Hague of Stevens 
Institute, class of 1937, and the details are shown in Fig. 3. The 
nozzle block N is made in two parts which are riveted together. 
This construction enables N to pivot about c as a center without 
serious leakage, while approximately the same entering conditions 
are preserved as the angle of divergence is varied. The block 
is caused to move by the pin p through the shaft s, which in turn 
is moved by the threaded member ¢. Lateral motion of t is pre- 
vented by the split collar d,, and leakage along s is prevented by 
the packing in the stuffing box b. The gear g; fixed to ¢, is turned 
by the gear g:, which is operated by a small hand wheel w. The 
shaft z transmits the same rotary motion to the gears g; and gy. 
The otber nozzle block N; is caused to move by the left-handed 
threads on the shaft s,. 

The angle of divergence is indicated by the graduations on the 
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dial k and by numbers on the teeth of g;. The dial was calibrated 
by means of accurate templates and checked trigonometrically 
with micrometer and gage-block measurements. The readings 
from g; bear an approximately linear relation to the angle of diver- 
gence, which makes possible adjustments which are accurate to 
within +5 min. The angle of divergence can be varied from +16 
deg to —5 deg. 

The clearance between the blocks N; and N; and the glass U is 
about 0.001 in., and the leakage through this space is unimpor- 
tant: Due to a slight looseness of the pin p, the angle must al- 
ways be read when the nozzle is being closed. Thus far no other 
difficulties have arisen with this device. 

The back pressure is obtained by a '/s-in. tap at the bottom of 
the channel at P:, shown in Fig. 2. This tap is connected by 
water-filled lines to a combination gage and to a 30-in. mercury 
manometer. The steam passes out of the apparatus through 
the side outlet tee O, and through the gate valve V to a condenser. 
A port mounted at O permits the steam to be observed as it leaves 
the apparatus. 

Static pressures along the axis of the nozzle are obtained by the 
search-tube W, which is 0.125 in. in diameter. The four pressure 
taps on the tube are located in a plane perpendicular to the axis of 
the tube and are about 0.005 in. in diameter. The tube leads to a 
combination gage O,, and a mercury manometer M;. An indi- 
cator can also be mounted on the search tube and autographic 
traverses can be made with the assistance of the motor Y, which 
is controlled by the switch X. When full illumination of the 
channel is required the search tube can be reversed and mounted 
at port G. 

The optical system which supplies the illumination consists of 
a clock-fed carbon are K, a condensing lens, and a focusing lens 
L. A water cell is usually used when filters or polarizers are being 
employed. If the water cell is omitted, the heat from the beam 
is usually sufficient to prevent fogging of the port G through 
which the light is admitted. The sight glasses at the ports F, 6, 
and P are pyrex disks, '/; in. thick, mounted between !/,-in. rub- 
ber gaskets. The glasses must be cleaned at frequent intervals 
because of the impurities which accompany the steam. Clean- 
ing can sometimes be accomplished by passing very wet steam 
through the apparatus. 

Review of the Experimental Work. The work at Rochester in 
1934 and at Stevens in 1935 was largely experimental in nature. 
for each new apparatus made visible a number of phenomens 
which were not observed with the earlier equipment. _ During 
1935, attention was directed to the condensation of wet, satu- 
rated, and superheated steam in a typical convergent divergent 
nozzle. A large number of condensation-pressure measurements 
were made for initial pressures ranging from 20 to 100 Ib per 
in. abs, and temperatures up to 395 F. The range of entropy 
was 1.62 to 1.767. 

It was found at the University of Rochester that variation = 
the back pressure could play an important part in determining 
the type of condensation which occurs in diverging channels 
and this problem has been investigated more fully. 

The use of a sharp-edged orifice revealed the fact that change 
in the vena contracta could be observed as the back pressure ¥8 
reduced below the critical ratio, p./p, = 0.55. With such s* 
orifice, the flow continues to increase as the back pressure * 
lowered, instead of becoming constant as does the flow from * 
rounded nozzle. Fig. 4 shows the flow from a rounded-entranct 
nozzle discharging at a velocity slightly greater than the velocity 
of sound. The standing pressure waves shown in this picture bart 
been investigated by Prandtl (10) and Emden (11). 

It was noticed in all of the work mentioned previously iD 
paper that back-pressure variations and alterations in the = 
of expansion resulted in characteristic changes in the nature © 
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the condensation. The variable nozzle was therefore designed 
in order to permit complete control of all the factors involved in 
the problem. A precision potentiometer has been procured and 
work is now going forward on the problems of condensation in 
converging and slowly diverging streams. Correlated work is 
being done on the problem of measuring supersonic velocities by 
impact tubes in the hope that eventually velocity coefficients can 
be established for supersaturated expansions. 

It is the purpose of this paper to present the results of the work 
on convergent divergent nozzles of the type to which, in honor 
of the inventor, the name “De Laval” is given. The discussion 
will be restricted to nozzles with very short throats and with 
angles of divergence greater than 2 deg. It is believed that within 
these relatively narrow limits the results presented here are reli- 
able. The results should be of value to the designers of apparatus 
in which these types of nozzles are used, such as the reversing 
sections of marine turbines. Steam-jet air ejectors and steam- 
jet refrigerators also use nozzles of this type. 

Results of Tests on De Laval Nozzles. The effect of variations in 
the initial conditions of the expanding steam upon condensation 
pressure and supersaturation was investigated by measuring 
the static pressure at the condensation point for a wide range of 
initial conditions. Most of the measurements were made with 
a nozzle similar to that shown at the top of Fig. 5. The angle of 
divergence of this nozzle is about 11 deg and the back pressure 
could not be reduced sufficiently to make the nozzle flow full at 
all times. Fig. 6 shows a series of flow illustrations taken with 
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fie. 5 Tyrrcan Pressure Traverse tN A Divercent Nozzie 


Steam conditions: p; = 40 Ib per sq in. abs; saturated; for curve AB, p: 
= 37 lb per sq in, abs; and for curve AC, p: = 6 lb per sq in. abs.) 


te same initial pressure of 100 Ib per sq in., and temperature of 
1 FP, but with the back pressure varying from 17 to 45 Ib per sq 
nabs. It will be noted that the flow breaks away from the side 
the nozzle at different points, but the nature of the condensa- 
‘en is the same for all cases. 
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If the back pressure p, is raised to within a few pounds of the 
initial pressure p;, there is a sharp drop in pressure to the throat 
of the nozzle and then a rapid recompression up to the back pres- 
sure, as shown by curve AB in Fig. 5. Under such conditions, 
if the steam were initially saturated or very slightly superheated, 
a slight condensation would occur as the pressure is rising. The 
point of origin of this condensation is difficult to detect, for the 
first scattered light is very faint. The term “preliminary con- 


Fie.6 Firow Taroves a Frxep Nozzue From an INITIAL PRESSURE 

or 100 LB PER Sq IN., AND AN INITIAL TEMPERATURE OF 371 F, Bur 

Wirth Varytne Back Pressures ILLUMINATION From Low PRres- 
SURE Enp, SEARCH TUBE IN PLACE 


(Top: Back pressure = 18lb persqin. abs. Second: Conditions the same 

as for the top illustration but taken through a Polaroid disk to show photo- 

elastic effect. hird: Back pressure = 26 lb per sq in. abs. Bottom: 
Back pressure = 45 lb per sq in. abs.) 


densation” was applied to this type in the earlier paper (8), to 
distinguish it from the “ultimate condensation” which occurs at 
the Wilson line. 

Under the conditions which prevailed when the data for curve 
A-B, Fig. 5 were obtained, a faint trace of condensation was 
detected at the 4.5-in. point, about '/, in. downstream from the 
throat. The first color to be seen was an indeterminate saffron, 
which was followed by violet, purple, green, and saffron again. 
These colors were visible only when the angle of observation was 
less than 90 deg to the incident light. If the angle of observation 
was greater than 90 deg, the entire nozzle seemed to be filled 
with a whitish-blue color. The scattered light was very slightly 
polarized at all angles of observation. These optical effects 
indicate that the droplets are of the same order of magnitude as 
the light waves which they scatter, from 1.3 to 2.3 * 1078 ft. 
The variation in color along the length of the nozzle indicates 
that the drops are growing, which is natural because the pressure 
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Fie. 7A THrovuGH a VARIABLE NozzLe From AN INITIAL 

ConpiTIon or 40 LB PER Sq IN. ABs, SATURATED; Back PRESSURE 

Kept at 10 LB per Sq InN. ABs Except ror Last ConpDITION, WHEN 
It Was LowereEp To 7 LB Ass 


{c. Divergence angle set at 13 deg, nozzle overexpanding, steam breaks away 

rom sides. b, Divergence angle 7 deg, overexpanding, Mach wave at exit. 

c, Divergence angle 4 deg, steam leaves without shock. d, Divergence angle 

0 deg, preliminary condensation in nozzle, jet expands beyond exit. e, 

Divergence angle 0 deg back pressure lowered to 7 |b per sq in. abs. Steam 

expands to fill channel. — dro -~— with steam reveal eddies 
yond exit. 


of the vapor is rising, and consequently the temperature is also 
increasing. The drops apparently form during the pressure 
rise, but their temperature does not increase rapidly and they 
are consequently cooler than the surrounding vapor. Thus, 
they are able to act as nuclei for further condensation. 

If the steam becomes superheated by only a few degrees, the 
color disappears and the nozzle appears quite empty. When 
the steam is desuperheated, the pressures remaining constant, the 
same colors reappear. A small amount of initial moisture has no 


affect, but a large amount produces a confused picture in which 
the scattered light is lost. 

Fig. 7A shows a series of photographs taken of the variable 
nozzle, in which the initial condition was held constant at 40 lb 
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per sq in. abs, saturated. The back pressure was kept at 10 Ib 
per sq in. abs except in e, when it was lowered to 7 lb. At an 
angle of divergence of 13 deg, a, the nozzle was overexpanding 
and the steam broke away from both sides. At 7 deg, b, the 
nozzle flowed full, but overexpansion was still present and a 
Mach wave was visible. This wave could be seen clearly with 
the eye, but difficulty was experienced in photographing it. 
Consequently the negative from which b was made was re- 
touched slightly to make the wave stand out more clearly. When 
the angle was reduced to 4 deg, c, the exit area was approxi- 
mately correct and the nozzle flowed full without shock. When 
the sides were made parallel, d, preliminary condensation appeared 
in the nozzle. Beyond the exit ultimate condensation occurred 
and the jet expanded but did not fill the channel. With the 
angle kept at 0 deg, e, the back pressure was reduced to 7 lb abs 


Fie. 7B Top View or VARIABLE Nozzie, ILLUMINATED 
Hieu Pressure Enp, Sparcn in PLace 


(a, = 40 lb per sq in. abs, wet; p: = 13 lb per sq in. abs; divergence 

angle set at 0 deg. Preliminary condensation in nozzle followed by ulti- 

mate condensation beyond exit. 6, Steam conditions same as in a, except 

initial temperature raised to 285 F. Preliminary condensation absent, 
ultimate condensation beyond nozzle.) 


and the jet expanded until it filled the entire channel. The 
water drops which were entering the nozzle with the incoming 
steam revealed an interesting double eddy beyond the nozale. 
For the photographs in Fig. 7A the nozzle was illuminated from 
both the high- and low-pressure ends. 

Fig. 7B shows two photographs of the variable nozzle in 
which the initial steam pressure was kept at 40 lb per sq in. abs 
while the angle of divergence was kept at 0 deg. The back 
pressure was 13 lb abs in both cases. In a, the entering steam 
was wet and preliminary condensation was occurring in the 
nozzle, with ultimate condensation taking place beyond the exit. 
In b, the steam temperature was raised to 285 F (18 F superheat) 
and the preliminary condensation disappeared. For these 
photographs the nozzle was illuminated from the high-pressure 
end only, the search tube being mounted on the low-pressure end. 

The nuclei upon which the preliminary condensation ws 
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occurring were probably ions,. for a 
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charged particle can grow as it follows 
a path of falling pressure, while an un- 
charged particle cannot (2). Condensa- 


tion in nozzles with small angles of di- y, 


vergence is being studied at the present #@@ 
time, and it is hoped that the results 
will be available shortly. 


The results of the condensation-pres- Yo 
sure measurements for varying initial con- 


ditions are shown on the Mollier dia- “7? 
gram in Fig. 8. These values were ob- y 
tained by making a series of traverses 


along that portion of the nozzle in which 
condensation was occurring and noting 


the pressure at the point where the fog “7? 77S | 
originated. A plot of the pressure against 


the position along the nozzle axis wasalso eo 


prepared for each test as in Fig. 5, curve 
A-C, and the location of the step in the 
pressure curve confirmed the visual ob- 
servation. 

By the use of the desuperheater men- 


tioned previously, it was possible to ob- 
serve the condensation of steam which 
was initially wet. In spite of the pres- 
ence of such large quantities of moisture 
that the beam of arc light could scarcely 
penetrate to the nozzle, the condensation 
invariably took place in the same man- 


ao 


ner as with steam which was initially 
dry. The familiar blue color was pres- 


ent in the scattered light and the curved 
condensation surface, concave toward 
the higher pressure, was also evident. 


The stream lines of the incoming mois- 
ture were frequently visible on the glass 


top of the nozzle. By throttling the Fa 
steam with the control valve, the mois- . 
ture could readily be made to disappear, Le 


N 


3 


thus giving visual evidence in support of (36 158 460 
the theory of the throttling calorimeter. 
An explanation of the failure of the mois- 
ture already present to affect the condensation of new moisture 
probably lies in the fact that the drops are hotter than the ex- 
panding vapor. Hence, the drops are not able to serve as nuclei 
but will rather tend to evaporate. 

It will be noticed from Fig. 8 that no initial conditions are 
shown below the saturation line. Although the entering steam 
hay contain moisture, it behaves as if it were merely a mechani- 
tal mixture of saturated steam and drops of water. It is quite 
possible to have drops of water in an atmosphere of superheated 
steam, and the presence of water droplets in steam does not insure 
that the steam is saturated. Additional evidence is necessary, 
such as the agreement of the temperature of the steam with the 
‘aturation temperature at the prevailing pressure. It is probably 
impossible to measure temperatures in steam below the satura- 
tion temperature, because the measuring device will always pro- 
Vide a finite surface upon which condensation will occur. 

The points in the superheated region in Fig. 8 were obtained 
With the aid of the electrical superheater. The points on the 
Selb and 40-lb lines were measured at Rochester while the other 
points were obtained at Stevens Institute. The agreement in 
the location of the condensation points would seem to eliminate 
— &s to possible peculiarities in the steam used in the 
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Fie. 8 DracramM SHOWING EXPERIMENTAL RESULTS 


The condensation points in Fig. 8 were plotted in the conven- 
tional manner shown in the elementary Moilier diagram, Fig. 9a. 
Isentropic expansion is assumed to exist along the axis of the 
nozzle from the initial condition p,, ¢,, until the condensation pres- 
sure p, is reached at c. At this point condensation occurs and 
there is supposedly an isenthalpic change of condition, accom- 
panied by an increase in entropy, to the equilibrium pressure at 
c. The condensation points, as shown, are plotted as the equilib- 
rium pressures rather than the supersaturated pressures. If 
they are plotted as the supersaturated pressures, a special Mollier 
diagram with the supersaturated constant-pressure lines is neces- 
sary. 

Further expansion takes place from p,, and it can be seen that 
there is a loss of availability, 5h, because of the increase in en- 
tropy which accompanies the condensation. 

The procedure just discussed is open to question because it 
neglects the rise in pressure which has been observed to occur 
when condensation takes place. Keenan (13) has shown such a 
pressure rise must occur in a sudden condensation under the condi- 
tions which prevail in these nozzles. Likewise, in assuming that 
the temperature of the vapor rises completely to the saturation 
value for p,, we overlook the fact that the droplets formed in the 
condensation are so small that according to Kelvin’s law the vapor 
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about them is still supersaturated. Both of these questions will 
be considered later. 

The results given in Fig. 8 reveal the important fact that rapid 
expansions starting on the same entropy line will result in con- 
densation at virtually the same point. Thus, it seems probable 
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Fie. 9 CoNDENSATION Points PLoTrepD ON ELEMENTARY MOLLIER 
anp T-S Dracrams 


that condensation in such expansions depends only upon the 
supersaturation and not upon the velocity. For example, the 
two points on the 1.68-entropy line differed by 35 Btu in their 
initial enthalpy, but the condensation pressures for the two condi- 
tions were almost identical. The upper point, at 70 lb per sq in. 
abs and 387 F, gave a condensation pressure of about 17 lb per 
sq in. abs, while the velocity at the condensation point was about 
2370 fps. The lower point on the same entropy line is at 50 lb 
per sq in. abs and 312 F, but the condensation pressure was again 
at about 17 lb per sq in. abs, although the velocity at the con- 
densation point was about 1985 fps. A still lower point at ap- 
proximately the same entropy was at the saturated condition of 
40 lb per sq in., and this also yielded a condensation pressure of 
about 17 lb per sq in., with a velocity of about 1670 fps. This 
relatively wide variation in velocity has apparently had only a 
small effect, if any, on the condensation. In the same manner, 
steam with an initial condition of 54 lb per sq in. abs and 360 F, 
gave approximately the same condensation pressure as steam initi- 
ally at 30 lb per sq in. saturated. 

Since rapid expansions through a De Laval nozzle along any 
entropy line will result in condensation at the same pressure, re- 
gardless of the initial pressure and temperature, the results given 
in Fig. 8 can be replotted in the form of Fig. 10. This gives the 
condensation pressure as a function of the initial pressure for 
steam which is initially saturated. The data for this plot were 
taken from the dashed line on Fig. 8, which appears to be a fair 
representation of the experimental values. The scatter of the 
points is due largely to the difficulty of making accurate deter- 
minations of the condensation pressure. 

It will be noted from Fig. 10 that the condensation pressure is 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


almost a linear function of the initial pressure for the range along 
the saturation line which was covered in this work. Whether 
this relation holds for higher pressures will be learned from tests 
soon to be performed at Purdue University with a high-pressure 
apparatus. 

Another useful relation is shown in Fig. 11, in which is plotted 
the ratio p,/p: against p; for initially saturated steam. It is ap- 
parent that this ratio is always below the critical ratio of approxi- 
mately 0.55, and consequently ultimate condensation always 
occurs in the diverging portion of the nozzle and at a velocity 
above that of sound. 

The Wilson line shown in Fig. 8 is apparently the lower limit 
for supersaturated expansions, for at this condition condensation 
invariably occurs. In slow expansions, as in nozzles with long 
throats or small angles of divergence, preliminary condensation 
can occur at conditions above the Wilson line. The upper limit 
seems to be at about the 2 per cent moisture line on the Mollier 
diagram. Thus the Wilson zone, within which condensation 
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must occur, is located between the 2 and 4.5 per eent moisture 
lines. It is worthy of notice that the Wilson line which Martin 
predicted from theoretical considerations (3) in 1918 is very 
close to that determined experimentally. 

The supersaturation ratio which exists at various condensation 
temperatures is plotted against these temperatures in Fig. 12. 
The supersaturation ratio S is the ratio of the actual condens- 
tion pressure p, to the saturation pressure p, at the condensatio 
temperature t,. This temperature is calculated from the initia! 
temperature ¢t; by means of the well-known adiabatic relation 


The values of S calculated for the condensation pressures shows 
in Fig. 8 lie near the line calculated for the comstant drop si 
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where R = gas constant for steam = 1544/18 = 85.7, ft-lb per 
deg per lb; 7’, = condensation temperature, deg F abs; d = den- 
sity of the liquid at t,, lb per cu ft; r = drop radius, ft; ande = 
surface tension at t, lb per ft. 

The trend of the points in Fig. 12 would seem to indicate that 
the size of the drops increases with the temperature, but, for sev- 
eral reasons, it is probable that drop sizes calculated from Equa- 
tion [2] are not reliable. 

An average value of the droplet radius for the points shown in 
Fig. 12 is 1.5 X 10-*ft. The molecular radius for water vapor is 
about 4.5 X 10~'° ft, so the calculated droplet radius is about 3.3 
times the molecular radius. It is highly improbable that the 
Kelvin equation is valid for such extremely small drops. 

Size of Droplets. The actual size of the droplets formed in ulti- 
mate condensation can only be approximated, because they are 
so much smaller than the wave length of light that they cannot 
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be measured directly. Because the light scattered by them is 
blue and almost completely plane-polarized when observed from 
‘direction normal to the incident light, Rayleigh’s law (8, Ap- 
pendix I) indicates that they are “infinitely small dielectric 
wheres.” This means that they are probably from 10 to 1000 
times smaller than the wave length of blue light, which would 
Give them a radius of from 1.5 X 10-7 to 1.5 X 107° ft. 
_Rayleigh’s law states that the intensity of light scattered by 
‘otropic spheres which are small compared to the wave length of 
t varies directly as the sixth power of the radii of the spheres. 
Anumber of investigators have shown that the light scattered by 
tolecules can be seen against a very black background. Thus, 
the light scattered by drops with r = 1.5 X 107* ft will be about 
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r = 1.5 X 10~* ft, by means of the Kelvin-von Helmholtz equa- 


FSP-59-5 


179 


1300 times more intense than that scattered by molecules. Such 


light would be readily visible. Light scattered by drops with r 
= 5X 10~-*ft would be a million times as intense as molecularly 
scattered light. 


Kinetic theory yields interesting information about the number 
of molecules contained in the drops which are formed when con- 
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Fie. 12 SupERSATURATION Vs ConDENSATION TEMPERATURE 


(Condensation pressure = pce; saturation So a atte = pe; S = pe/pe; and 
logeS = 2¢/RT cdr.) 


densation occurs. Avogadro’s number, the number of molecules 
per pound molecule of any gas, is 2.75 X 10%. The molecular 
weight of water is 18, so the number of molecules per pound is 
1.53 X 1075. The weight per molecule is 6.52 X 10-*¢ lb. If it 
is assumed that the molecule is a sphere with radius r,, = 4.5 
X 10-" ft (15, p. 643), the volume of the molecule becomes 3.85 
x 10-** cu ft. The density of the molecule is thus 169 lb per 
cu ft. 

A droplet of water with a radius of 1.5 X 10~* ft has a volume 
of 1.42 X 10-** cu ft. Because of the extremely small size of 
such a drop, the capillary pressure and the consequent increase in 
the density should be taken into account. The capillary pressure 


in pounds per square inch on a droplet of radius r feet, with sur- 
face tension is 


Pep = 


Using a value of « = 4.8 X 10~*lb per ft, corresponding to 100 F, 
the capillary pressure in a droplet with r = 1.5 X 10-* ft is 44,400 
lb per sq in. Extrapolating the Keenan and Keyes values for 
specific volume of compressed liquid (16, p. 75), the density be- 
comes 71 lb per cu ft. The weight of each droplet thus becomes 
1.001 X 10-*5 Ib, and the number of molecules required for a 
droplet of that weight is 1.57. For several reasons this result is 
impossible. Obviously, the number of molecules contained in a 
drop must be integral, and probably a drop, to exist as such, must 
contain some thousands of molecules. The number 1.57 is inter- 
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esting, however, in that it might be taken to mean that condensa- 
tion at the Wilson line consists of the formation of double mole- 
cules, as Nernst has suggested (6, p. 1074). 

If Keenan’s estimate (13) of 5 X 10~* ft is taken as the droplet 
radius, the volume of each drop would be 5.24 X 10~*4 cu ft, and 
the weight would be about 3.35 X 10~** lb. On this basis 514 
molecules would be required for such a drop. 

It is obvious that such attempts to estimate the drop size from 
molecular considerations do not lead to any definite results. The 
concept of surface tension must be abandoned, and replaced by 
that of molecular attraction. Further optical work, based on the 
transmitted rather than the scattered light, may yield a more 
conclusive answer to this question. 

The Condensation Process. Speculation as to the physical mecha- 
nism by which condensation takes place leads to the difficult 
conclusion that in some manner the energy released by the mois- 
ture at the low temperature ¢t, is transferred to the remaining 
vapor, with the result that the temperature of the vapor is raised 
above that of the supersaturated steam which supplied the heat. 
This is apparently a violation of the second law of thermo- 
dynamics, but it can be shown (6, p. 1036) that the entropy in- 
creases during the process, so the law is actually obeyed. The 
manner in which the energy is transferred is still a mystery, al- 
though infrared radiation has been suggested (14, 17, 18). In 
support of the latter contention it has been pointed out that water 
vapor has several conveniently located bands in its spectrum 
by which this radiated energy might be absorbed. 

The expansion of steam through a De Laval nozzle apparently 
occurs in the following manner. Up to and slightly beyond the 
throat, the steam expands in the same fashion as in the super- 
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Fic. 13 Expansion CuRVES FOR WET AND SUPERSATURATED STEAM 


(For wet steam pVk = Ci. For supersaturated steam pVY = C2. For ex- 
pansion curve d-g, pVz = C3. Pressure rise = dp.) 


heated region, according to the relation pV” = C;. The isen- 
tropic exponent y varies with temperature and pressure (16, p. 
82), but a value of 1.315 is reasonable for the range in which we 
are interested. During the expansion, the vapor becomes under- 
cooled with respect to the saturation temperature, and the specific 
volume is lower than that of wet steam at the same pressure. 
The expansion follows the line a-c in Fig. 13, while the conven- 
tional wet-steam expansion is shown by the line ae. The area 
between these lines shows the loss which has been caused by 
supersaturation. A method of evaluating this loss is given in 
the following section. 

When the supersaturation has become sufficiently great, con- 


densation occurs suddenly in the form of a vast number of ex- 
tremely minute droplets. The latent heat released by the con- 
densed moisture must then be transmitted in some manner to 
the surrounding vapor, the temperature of which increases. The 
vapor should expand, but in order to obey the requirements of 
the continuity equation the velocity would have to increase 
proportionally. On the contrary, at the condensation point the 
pressure is observed to rise, which probably means that the 
process is one of constant volume. 

Keenan (13) has shown that this rise of pressure at the con- 
densation point may mean that the drops which actually form are 
about 5 X 10~° ft in radius, instead of 1.5 x 10~* ft as Equation 
{[2] indicates. A similar result can be obtained with the latter 
drop size, however, if it be assumed that the rise in pressure is just 
sufficient to maintain constant volume in spite of the increase in 
temperature which must occur in the vapor. 

It has been customary to assume that as soon as condensation 
occurs, the vapor regains the conventional wet-steam temperature 
and specific volume (6). The process was considered to be one of 
constant enthalpy, as shown by the line c-e in Fig 9a. Instead, the 
process is probably one of constant volume, c-d. In addition, the 
drops which form are so small that the vapor around them must 
be still undercooled, although to a lesser degree than was the case 
before condensation. Thus, the temperature at the point d in 
Fig. 9b is lower than the equilibrium temperature at e. 

Further expansion probably proceeds from the point d accord- 
ing to the law pV* = C; with z having some value between 1.315, 
for supersaturated steam, and 1.135 for wet steam. For a rough 
estimate, z may be taken as 1.2. 

Analysis of the Effect of Supersaturation. The effect of super- 
saturation on the flow of steam through nozzles can be treated in 
the following manner. It has been shown experimentally that, in 
a rapidly expanding stream, condensation will occur at approxi- 
mately the same pressure for all initial conditions on the same 
entropy line. For this reason the following treatment will deal 
only with expansion from initially saturated conditions. Steam 
which is initially superheated will behave in the same manner, 
but it is more difficult to derive general expressions for the losses. 

For expansions down to but not below p,, the following analysis 
can be made. From the general energy equation for steady flow 
in an isentropic expansion comes the following basic relation 


2 
29 778 

or 
v,2 — v,? = 50,000 X Ah; 


where Ah; is the isentropic change in enthalpy between conditions 
land2. Combining the continuity equation 


A A 
w = lb per see = = (5) 
with the gas relation for isentropic expansion 


we obtain the relation 
— = 223.74/( [7] 


where m is the area ratio A2/Aj, and @ is the pressure ratio p2/P1- 
Since the expansion is assumed to be isentropic 


Thus the velocity after the expansion becomes 
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By combining Equations [5] and [9], we obtain the general equa- 
tion for the flow of a compressible fluid in lb per sec through a 
nozzle with throat area A; sq ft, or 


= —— 14 10 
w as — [10] 


Usually we may neglect the term 1/+/(1 — m28*/7), which corrects 
for the velocity of approach. 

For initial pressures up to about 300 lb per sq in. abs, the con- 
densation pressure is always below the critical-pressure ratio, 8 
= 0.55. Thus, supersaturation will always prevail at least to 
the throat of nozzles with these initial pressures and the flow 
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thould be calculated by using the superheat value of y in Equa- 
tion [10]. For example, assume that saturated steam at 50 Ib 
Per sq in. abs is flowing through a nozzle of 1 sq in. throat area 
‘gainst a back pressure of 30 lb per sq in. abs. The flow will be 
tbout 2760 Ib per hr, whereas the calculated flow, using k for 
Wet steam instead of y as the exponent in Equation [10], would 
te about 2590 lb per hr. Thus, the flow coefficient would be 
tbout 1.068. Such anomalous flow coefficients have frequently 
been observed with wet or slightly superheated steam, and they 
Were the principal reason for much of the work which has been 
done on the subject of supersaturation. 
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In general, the purpose of a nozzle is to convert into kinetic 
form the energy made available by the expansion of a gas. The 
available energy is the isentropic enthalpy change from the initial 
to the final conditions, for which a general expression appears in 
Equation [8]. It can readily be seen that the energy available 
in an expansion from an initial condition p,, V; is a function of the 


pressure ratio 8 and the isentropic exponent. Thus, it is possible 
to write 
144 
rh = — 1— 


By using the proper value of the exponent 7 in Equation [8], we 
may obtain the available energy for either a supersaturated expan- 
sion or a conventional wet-steam expansion. Thus, the energy 
available in an expansion from p;, V; in which the steam is as- 
sumed to be in equilibrium with large drops of water can be cal- 
culated by replacing y with the wet-steam exponent k. The 
value of k varies with the entropy of the expansion, but an aver- 


age value is 1.135. Denoting by AA, the heat available in such 
an expansion, we have 


Ah, = E(g) 


and E(8) = 1.555 (1 — 0-118) 


The energy available in a completely supersaturated expansion 


from the same initial conditions p,, Vi, can be expressed in the 
same manner, or 


Using the value 1.315 for y in Equation [11], we have 
S(8) = 0.772 (1 — p29) [15] 


These two functions are plotted against ¢ in Fig. 14. 

The loss due to supersaturation is represented by the difference 
between Ah, and Ah,. Graphically it is shown by the area be- 
tween the two expansion curves on the pV-diagram in Fig. 13. 
Denoting the loss in Btu per pound by 6h, we have, 


8h = Ahe— Ah, = piVi{E(8) —S(8)}......... [16] 
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Combining Equations [13] and [15], we have 
= L(8) = 0.783 — 1.555 — 0.772 [17] 
Values of the loss function L (8) can be taken from Fig. 15. 

For design work, the loss expressed as percentage of Ah, is of 
importance, since Ah, can be read directly from the Mollier dia- 
gram. The loss 5h expressed in per cent is 

— 100=[ —— 

Ah, S(8) 
Per cent 6h is plotted against 8 in Fig. 15. 

Since the product p,V; varies with the initial conditions, the 
actual loss 5h, in Btu per pound, also varies; Fig. 16 shows the 
losses for initial conditions of 10, 50, and 100 Ib per sq in. abs, 
saturated. Since the loss functions discussed previously are not 
valid beyond the condensation point, each of the lines on Fig. 16 
stops at its particular condensation pressure. It will be noticed 
that the supersaturation loss is decreased as the initial pressure is 


raised. This is to be expected, for if the pressure is raised to the 
critical point, there will be no supersaturation and hence no loss. 
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Fie. 16 Loss Dus To CoMPLETE SUPERSATURATION; VaLuEs Not 
BEYonD CONDENSATION PRESSURE 


By referring to the pV diagram in Fig. 13, it can be seen that 
when an expansion proceeds beyond the condensation pressure 
p, there is a sharp recompression to d, probably at constant vol- 
ume. This recompression causes a momentary decrease in the 
kinetic energy, but this decrease is regained as soon as the expan- 
sion again passes p,. The total loss due to supersaturation for 
expansions beyond the condensation pressure is made up of the 
loss 8h discussed previously, plus a secondary loss caused by the 
partially supersaturated expansion from d. The droplets which 
form at ¢ are so small that undercooling must still exist as the ex- 
pansion proceeds. Evaluation of this secondary loss is not yet 
possible because the magnitude of the pressure rise from p, to 
P, must be studied in more detail. Likewise, the exponent z 
for the expansion beyond d is not known. An additional factor 
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which must be considered is the acceleration of the water drop- 
lets by the steam. 

An estimate of the total losses of energy which occur in the ex- 
pansion of saturated steam can be made from the results of sev- 
eral tests reported by Stodola (6, p. 1054). In the first case, 
steam expanding from 116 lb per sq in. abs and 7 F superheat, to 
a back pressure of 15.4 lb per sq in. abs, gave a reaction of 23.92 
Ib with a flow of 0.298 Ib per sec. The velocity coefficient was 
0.95 and the nozzle efficiency was 90 per cent. In the second 
case, the initial conditions were 158.7 lb per sq in. abs and 15 F 
superheat; the back pressure was 8.13 lb per sq in. abs; and the 
reaction was 38.80 lb with a flow of 0.399 lb per sec. The ve- 
locity coefficient for this case was 0.94 and the nozzle efficiency 
was 88.5 per cent. 


Summary OF REsULTS 


As a primary result of this work, it may be said that the Wilson 
line for continuously expanding steam in De Laval nozzles is 
located at about the 4.5 per cent moisture line on the Mollier dia- 
gram. The droplets which form there are small compared to 
the wave length of blue light and they do not grow in the nozzle 
unless the angle of divergence is less than 2 deg. 

Initially saturated steam can in several ways be made to con- 
dense at about the 2 per cent moisture condition, which thus be- 
comes the upper limit of the Wilson zone. This type of condensa- 
tion can be brought about by making the angle of divergence 
less than 2 deg or by raising the back pressure to within a few 
pounds of the initial pressure. Under these conditions, the drops 
grow rapidly and usually achieve a size of the order of magnitude 
of red light waves as they leave the nozzle. 

Steam which is initially superheated can be made to produce 
preliminary condensation only if the throat of the nozzle is very 
long. 

It is estimated that the order of magnitude of the radius of the 
droplets formed in ultimate condensation is about 1.5 X 10~* ft. 
This value was obtained by applying the Kelvin law, the ac- 
curacy of which is very doubtful, but the optical evidence gives 
support to it. 

The losses caused by supersaturation can be evaluated ac 
curately for expansions which do not reach the condensation 
point. For expansions which go beyond this point the losses can 
be approximated. 
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Production and Quality Control of Sheets 
for Automobile-Body 


Comparisons of the older and newer methods of rolling 
wide mild-steel drawing sheets are presented in this 
paper. The aspects of quality control in the modern 
sheet mill are dealt with, and quantitative data are given 
covering the effects of variations in the cold-reduction, 
normalizing, box-annealing, and temper-rolling opera- 


tions. The data presented are typical rather than ex- 
haustive. 


ROGRESS in the sheet-rolling industry has been rather 

extensive within the last decade, and one of the most 

interesting phases of this development has been the growing 
demand for wider and thinner high-finish drawing sheets than 
were obtainable heretofore. Considering the number of years 
they have been available, the production of wide high-finish 
drawing sheets might be said to be in its early stages. Even so 
recently as eight years ago, a 19-gage sheet measuring 52 X 58 in. 
was considered to be quite large, and the losses connected with 
the production of sheets of this size on the prevailing sheet-bar 
practice were quite high. In those days high-finish sheets were 
still being rolled from the conventional 8-in. sheet bar, using the 
practices that had been developed during the past century, plus, 
of course, the most recent developments such as pickled break- 
downs, charcoal dips, and loose rolling. In 1921, The American 
Rolling Mill Company purchased the Ashland Iron and Mining 
Company property, which lacked sheet-finishing facilities, and 
proceeded to install the first commercially successful so-called 
“continuous-sheet mill.” (1)? The problems connected with 
the development of this mill were many and varied, one of the 
principal difficulties being to secure rolls which would stand up 
under continuous operation. However, this problem was over- 
come and the mill was made to produce sheets up to 48 in. wide 
in 20 gage and heavier with very good surface characteristics and 
drawing properties. 

Previous to 1921, a very good quality of strip was available in 
widths up to 20 in. which was being produced on continuous cold 
strip mills. So far as surface and drawing quality were con- 

! Research Laboratories, The American Rolling Mill Company, 
Middletown, Ohio. Mr. Olt was graduated from the University of 
Cincinnati in 1928 with the degree of chemical engineer and since 
graduation has been associated with The American Rolling Mill 
Company. Previous to 1934 he was employed in the operating di- 
vision in various metallurgical capacities. Since 1934 he has been 
in the research laboratories in charge of the research and develop- 
ment of high-finish drawing sheets and stainless-steel products. 

* Numbers in parentheses refer to the Bibliography at the end of 

paper. 
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Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


185 


Fabrication 


By T. F. OLT," MIDDLETOWN, OHIO 


cerned, this product was superior, by a considerable margin, to 
sheet products available. However, in November, 1926, The 
Columbia Steel Company, which a few months later became the 
Butler Division of The American Rolling Mill Company, com- 
menced the rolling of strip sheets (2) in coils in widths up to 
36 in., using a combination of hot and cold rolling similar to the 
practice used in the narrower strip mills, the main difference 
being in the equipment and mills which handled the strip. The 
installation at Butler was quickly followed by others at Weirton 
to hot roll strip up to 48 in. wide, at Trumbull to hot roll strip up 
to 36 in. wide, at The American Sheet and Tin Plate Company, 
Gary, Ind., to hot roll strip up to 36 in. wide, and at the Middle- 
town Division of Armco in 1928 to hot roll strip up to 52 in. 
wide. Fig. | is a view of the finishing stands of the Middletown 
hot-strip mill. 


With the construction of the wide hot-strip mill at Middle- 


Fic. 1 Fryisnine STanps In THE Hot-Srrip or THE ARMCO 
MIDDLETOWN Drvision 


4 
at 
» 


186 


town, the sheet mill was rebuilt to use the product of the hot- 
strip mill as breakdowns for the hot finishing of sheets, using 
continuous-pack heating furnaces and three-high hot mills 
(similar to those in successful use at Ashland on narrower widths) 
for the production of sheets 50 in. and wider. By 1932 the pro- 
duction of thin-gage wide and long sheets had progressed to such 
a point that sheets 0.037 in. thick and as large as 66 X 120 in. 
made on hot mills were available to the automotive industry in 


Fie. 2 THe Coup-Strie Mitt or THE MIDDLETOWN 
DIvIsION 
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Fie. Capaciry aND PropucrTion oF SHEET AND Strip MILLs IN 
THE UNITED STATES 
(A, Capacity of plate, sheet, and strip mills. B, Total sheet and strip 
0) 


Ca 
ucti C, ity of sheet mills. D, Capacity of tin-sheet mills. 
Capacity of strip mills.) 


quantities large enough for the production of certain items 
requiring wide high-finish sheets. 

During this period, wider and more powerful hot-strip mills 
were in the process of being built first to roll sheets 60 in. wide, 
then 72 in. wide, and then 90 
in. wide. At present there isa 
new construction in Cleveland 
which is reported (3) to have a 
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which has recently been constructed there. Fig. 2 is a view 
showing the Middletown coldstrip mill. Fig. 3 is a diagram- 
matic representation (5) of the volume and capacity of sheet 
production in the United States which indicates that the growth 
of sheet capacity since 1924 has been almost entirely in the con- 
tinuous-strip process of making sheets. In this same period, cold- 
rolling mills have been improved continuously with better reels, 
rolls, bearings, electrical gear, and controls which enable cold 
reduction to be performed on coils at high speeds under very 
definitely controlled conditions of screw pressure, thickness, and 
tension between tandem stands. 


CoMPARISON OF THE SHEET AND STRIP PRACTICE IN THE 
MANUFACTURE OF WIDE SHEETS FOR DRAWING PuRPOSES 


There are numerous methods by which a wide cold-rolled 
sheet of drawing quality may be produced. For purposes of 
comparison, consider a sheet 0.040 in. thick, 63 in. wide, and 
103 in. long, which in the present day is neither unusually wide, 
long, nor thin. In the first place, the quality and analysis of the 
steel used is of utmost importance. The quality must always be 
good and the analysis will depend to a great degree on the methods 
selected for manufacture of the sheet and the drawing or stamp- 
ing hazards which the sheet must undergo.’ Steel used for 
difficult stampings is usually of the rimming type, with an analysis 
in the following range: Carbon from 0.04 to 0.10 per cent; 
manganese from 0.20 to 0.45 per cent; phosphorus below 0.04 
per cent; sulphur below 0.05 per cent; and other elements as 
low as possible. 

In the casting of an in- 
got within the composition 
given, there is a segrega- 
tion of some of the ele- 
ments involved which 
must be taken into con- 
sideration in selecting the 
method of roiling and 
processing for the ma- 
terial being produced. 
Fig. 4 gives an indication 
of the amount of segrega- 
tion that is sometimes 
+ obtained in casting a rim- 
ming steel ingot. It will 
be seen that there is 8 
segregation of carbon, cop- 
per, and sulphur which 

* The drawing and stamp- 
ing hazards will vary some 
what between different fab- 
ricating plants on the samé 
type of stamping, and for 
this reason it is necessary 
to maintain an extremely 
close contact between the 
mill and fabricator in order 
to maintain a steady flow 
- of material suitable for the 
~~ particular job concerned. 
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ANALYSIS OF LADLE SAMPLE AND AT DIFFERENT POINTS IN THE INGOT 
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width limit of 98 in. In 1936, Top "Middle Bottom 
the hot-strip mill at the Middle Ladle 1 2 3 4 1 2 3 4 1 2 . 5 
widened (4) to 80 in. toprovide = 3fn.-.--. 0018 0.023 0.016 0.029 0.031 0.020 0.015 0.026 0.026 0.016 0.014 0.022 0.0 
wide coils for the cold-strip mill Cu.!:::: 0.081 0.083 0.078 0.099 0.099 0.082 0.081 0.090 0.091 0.084 0.084 0.091 ° 


ERS 


: 
: 
= 
(A, 
par 


IRON AND STEEL 1S-59-1 187 


Longitudinal Axis of Ingot —-———— 
t 
- : \ Vi 
Hot Rolled Stri Cola! Rolled Stri Sheet 
| ” ” ” fo) rip— 
Ingot Slab Hot Rolled Strip \-+--! 
od 42"" 72" 6"x Length 0.107"x 42"x Co/'ls ' Breakdown Sheer 
of 64 x42 0.040 x63°x /03 
le, ey | 
p> 19" 42"* 72” Slab Hot Rolled Strip Cold Rolled Strip — Sheet 
for Length - 63” 0./0"* 63""« Coils 0.040"*63"« Coils 103"Long 
| -90% .90% -90% .90° 
6 x42"x Length- 42 x Co//s 64°«42" 0.040" 103" 
ga- Direction of Rolling 
Fie. 5 Various Mersops or SHEETS 
on- (A, Ingot rolled essentially irelaht throughout. B, Ingot rolled straight to hot strip, hot strip turned and hot rolled to finished gage. C, Ingot rolled 
the toslab, and slab then turned and rolled to finished gage. D, Ingot rolled to slab, and slab then turned and hot rolled to hot-strip breakdown gage, 
oa after which the hot-strip breakdown is again turned and then hot rolled to finished gage.) 
ma- are all potent hardeners. In making ingots for deep drawing 
ced. sheets, special efforts are made tokeep the segregation of ele- 
tion ments to a minimum. 
ega- The four methods by which the sheet we are considering can 
mes be rolled to finished gage are shown schematically in Fig. 5. 
rim- The first method is used to a very great extent in the narrow- 
will strip mills and many of the wide-strip mills to make sheets up to 
is & 4 width approaching that of the ingot. To make sheets wider 
cop- than the ingot, this method can be modified by spreading the 
hich slab laterally in the first stand of the strip mill to a width suit- 
—_ able to produce the desired width of strip, which very seldom 
ome requires a reduction greater than 50 per cent of the original slab 
sfab- thickness. If we start with an ingot 19 in. thick, 42 in. wide, and 
he 72 in. high, and rol] to strip having a thickness 0.10 in. and a 
— width of 63 in., the ratio of the strip to ingot will represent an 
mely elongation of 126.5 times parallel and 1.50 times transverse to 
a the the long dimension of the original ingot. When rolled to the 
y fnished gage of 0.040 in., the elongation will be 316 times and the 
vr the spread 1.50 times from the original ingot. Had the sheet 
ed. been rolled to a width of 42 in., there would have been no lateral 
spread except the small amount that always takes place when Fic.6 Tares-Hics Hor Finisnine Miu 
i metal is rolled, and the elongation in this case, considering a final 
gage of 0.040 in., would have been 475 times. of elongation is 183 times parallel and 2.59 times transverse to 
Pa The second method mentioned is not often used in the manu-__ the ingot axis. In the case of this sheet hot rolled from 8-in. 
facture of wide sheets except for some particular reason; however, sheet bar, which would probably be made from a 19 X 22-in. 
— the practice of making sheets from sheet bar is similar to this ingot, the division of elongation is 91.5 times parallel and 5.2 
0.060 Process, the difference being in the division of the reduction that times transverse to the axis of the ingot. The latter is a net 
0. ® parallel and that which is transverse to the axis of the ingot. _ figure, since the final rolling from an 8-in. sheet bar is an elonga- 
0.090 the case of sheet hot rolled from strip breakdowns, the division tion of 14.2 times while the sheet bar was contracted 2.75 times. 
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cold rolled to the desired thickness of 0.040 in. 


188 


The third method is the one ordinarily used in the Armco 
Middletown Division in the manufacture of wide sheets by the 
cold-reduction process. In this case the ingot is slabbed, turned, 
and hot rolled to strip approximately 0.10 in. thick. The slab 
length, and hence its thickness, depends upon the desired width 
of the hot-rolled strip. For instance, if the strip mill is to roll 
coils 63 in. wide, the length of the slab must be such that they 
can get three 63-in. cuts and still have enough metal to get the 
necessary croppage. If they plan to roll a strip 40 in. wide the 
slab is rolled to a length suitable to get four cuts plus croppage. 
After rolling on the hot-strip mill, the strip is then pickled and 
The elongation 


Fie. 7 Two-Hien Hot 


in this case is 3.16 times parallel and 150 times transverse to the 
ingot axis. 

The fourth method mentioned is used at Middletown when 
hot-strip breakdowns are hot rolled to sheets using the three-high 
hot mill. Fig. 6 shows a typical three-high mill. The ingot is 
slabbed to 6 in., reheated, turned and rolled to breakdown thick- 
ness, sheared to length equal to the width of the desired sheet 
plus side scrap, then turned again and rolled to gage. The 
elongation of the sheet in this case is 8.2 times parallel and 58.0 
times transverse to the axis of the ingot. 

All of these methods of rolling have certain advantages and 
disadvantages. The first two methods allow the production of 
longer and heavier units of semifinished product such as hot- 
rolled coils with a somewhat greater yield from the ingot. In 
cross-rolling slabs, the weight of the coil is limited by the slab 
thickness the first stand in the bar mill will take, and also the 
maximum reductions that can be taken in producing the desired 
thickness in the hot-rolled coil with the mills available, together 
with the maximum ingot width that can be handled in the slab- 
bing mill. In addition, it is necessary to roll the slabs very 
closely to the desired slab length in order to secure the proper 
yield from the ingots, since the losses mount rapidly if the slabs 
are rolled with too much croppage on either end. On the other 
hand, if the slab be too short, an entire cut is lost which may 
amount to as much as, or more than, one third of the ingot. The 
greatest advantage in cross-rolling is that the resultant sheets 
are more uniform within the single sheets in so far as segregation 
effects are concerned. Sheets produced by this method do not 
have a soft edge and hard center from the more segregated 
portion of the ingots, which is the case when the material is rolled 
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straight essentially throughout the whole reduction. The mag. 
nitude of this difference in properties is shown in Table 1. 

This is a very important consideration in drawing sheets for 
some requirements, since a variation in physical properties 
between the edges and the center of sheets will sometimes cause 
a lack of uniformity in the manner in which the metal flows in 
the drawing dies. When the complete product of any one ingot 
is concerned, however, the whole range in physical properties js 
secured by either practice; in fact, in cross-rolling slabs, the 
major portion of scrap which is subsequently lost (coil crops) 
represents some of the least segregated metal of the original 
ingot. 

As pointed out, a sheet 0.040 in. thick, 63 in. wide, and 103 in, 
long can be made either by hot reduction or cold reduction from 
hot-rolled strip approximately 0.10 in. thick. The most modem 
method is to reduce to the finished sheet gage cold rather than 
hot. The most important reasons for the selection of the cold- 
reduction process are economy, improved quality, decreased 
losses, and flexibility. 

In the older hot-rolling process for manufacturing wide sheets, 
the customary procedure is as follows: (a) Pickle hot-rolled 
strip in cut lengths; (6) heat and breakdown to 80 per cent 
finished sheet length; (c) pickle breakdown; (d) reheat break- 
downs and roll to length; (e) mill shear; (f) cold roll to flatten 
and even thickness; (g) normalize; (h) pickle; (i) bright anneal; 
(j) temper pass and roller level; and (k) inspect. 

The oldest method of hot rolling sheets from sheet bar is 
similar to the foregoing practice except that more heatings and 
breakdowns are required in the sheet mill. Fig. 7 is typical of 
the old style two-high hot mill for sheet bars. 

As a comparison, the customary sequence of operations in the 
manufacture of wide sheets by the most modern cold-reduction 
method consists of: (a) Pickle hot-rolled strip in coils; (b) cold 
roll to gage; (c) shear to length; (d) bright anneal; (e) temper 
pass and roller level; and (f) inspect. 

A comparison of these two general practices will indicate thst 
the old hot-rolling method requires five more separate operation: 
than the modern cold-reduction method, and being performed it 
unit sizes entails the production of a great dea] more scrap tha 
is produced by the cold method. In addition, there are always 
a great many more rolling rejections such as pinchers, jumper, 
and floppers produced in hot rolling than in the most modem 
methods of cold reduction where the rolling is performed with 
very rigid mills equipped with tension coilers and also tensin 


TABLE1 DIFFERENCE IN PHYSICAL PROPERTIES FROM EDGE 
TO CENTER OF SHEET IN STRAIGH 1 aed SHEETS 
TEMPERED 0.7 PER CE 


Cold-reduced, 
Cold-reduced normalized and 
and annealed box-annealed 
Top of ingot: Edge Center Edge Center 
Yield strength, lb per sq in.. 23730 32660 27000 33000 
Tensile strength, 1b per sq in.. 40800 46860 44600 50600 
Elongation, per sont fe in 2 in.. 43.3 38 41.3 37.7 
Rockwell hardness, B scale... . . 37 48 41 50 


Bottom of ingot: 


Yield strength, Ib per sq in.. 27250 30430 27500 29800 
Tensile strength, Ib per sq in.... 43430 44900 46100 — 47600 
Elongation, per cent in a. in.. 40.3 8 40.7 al 
Rockwell hardness, B scale..... 37 47 42 


SELLING PRICE PER TON OF BIGH-FINICH 
N. OILED DRAWING SHEETS 0.04 IN. THICK, F.O 
PITTSBURGH, PA. 


July1,  July1, July), 
1928 1932 

42 14 8 


Price of 20-gage sheets 
> Extras include width, quality, and oiling. 
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between the tandem stands. Another outstanding advantage of 
the cold-reduction process is in the improvement of the sheet 
surface both from the standpoint of freedom from defects as well 
uniformity of appearance. 

The differences between the old and new methods of manufac- 


' turing wide sheets have been indicated in the foregoing tabula- 
' tions of the sequence of operations and will be considered at 
| greater length and in more detail in the next paragraphs. It is 


largely due to the rolling methods, however, that it has been 


; possible to decrease the costs and increase the yield of prime 


high-finish sheets so that the sheet manufacturers have been able 


- to reduce the cost to the consumer as is shown in Table 2. 


The net price in 1936 is the same as the price in 1932 despite 
the fact that labor and raw-materials costs have been increased 
materially. In this discussion, it has been presumed that the 


' cost of production and selling price are interrelated, which is 


usually the case in a highly competitive market such as the 
sheet market. 

By decreasing the selling price of wide drawing sheets, the 
fabricator has been enabled to make single stampings, formerly 


' made in multiple parts and assembled, at decreased costs which 
| has resulted in greater sales, and hence, greater demand on the 


sheet producer. This expanded demand for sheets has further 
reduced costs of manufacture with resultant savings to the sheet 


consumer. 


It will be apparent from the foregoing, that for two hundred 


_ years the art of rolling sheets had not changed in method and but 


little in practice. However, after the first successful continuous 
mill was operated by The American Rolling Mill Company at 
Ashland, Kentucky, in 1024, the flat-rolled-steel industry spent 
in the neighborhood of $300,000,000 for new rolling equipment 
which provided material in sizes and tonnages not previously 
considered possible. At the same time it has made an improved 
quality of material available for the automobile industry at a 
reduction in cost of approximately 50 per cent. 


Quauity CONTROL IN THE MODERN SHEET MILL 


There are numerous factors which must be considered in order 
to produce a satisfactory sheet for some particularly difficult 
drawing requirement. As stated previously, by far the most 
important consideration is to have a satisfactory base material 
from which to start. 

There has been a constant drive in the open-hearth to make 
lower-carbon rimming-steel ingots to almost a spot specification, 
taking particular care to see that there is a minimum of alloy 
contamination. This job has been made constantly more diffi- 
cult due to the scarcity of the most desirable raw materials. The 
available pig iron or hot metal contains more copper, if the blast 
fumace is being scrapped to increase the output, and the scrap 
commercially available is constantly being contaminated with 
alloying elements such as copper, nickel, and chromium, being 
generated in this age of alloy steels. While alloy scrap is usually 
wld separately from the regular run of No. 1 and No. 2 scrap 

of its higher value, it is mixing in with the open-hearth 
“rap to an ever increasing extent. In order that the proper 
inalysis be obtained in the ingot, it is often necessary that scrap 
ve selected and the charge melted in such a manner that the 
sulphur content be low. Metallurgical observers stationed in 
the open hearth are constantly on the job to make certain that 

l vital operations are carried out according to prearranged 
plans, that the heat has the proper temperature when tapped and 


= and that the steel has the proper rimming action in the 
mo 


After the ingots are stripped (and care is taken to see that they 
We not stripped too soon), the ingots are charged into the soaking 
pits and carefully heated for rolling. ‘Temperatures are regularly 


checked in the pits, at the slabbing mill, at the slab shears, and 
between certain stands in the bar and hot-strip mill by recording 
radiation pyrometers in order to maintain uniformity of rolling 
conditions and grain structure. Fig. 8 shows such an instru- 
ment installed. Cooling water is used copiously to insure that 
the strip is not reeled into coils at temperatures sufficiently high 
to cause critical grain growth. The strip mill has numerous 
banks of high-pressure hydraulic sprays which are used to descale 
the strip. It is vitally important that the surface of the hot- 
rolled strip be free from scale matte or rolled-in scale if the 
finished sheet is to be satisfactory for fabrication into many 
products requiring a smooth surface. A careful watch must be 
maintained on the surface of the rolls in all of the stands in the 
strip mill, watching particularly for spawls, fire cracks, and pickup 


Fic. 8 RapImaTION PYROMETER AND CONTINUOUS RECORDER AT THE 
FINISHING STAND IN THE Hot-Strip MILu 


the results of which often do not show up until the sheets are 
being drawn in the fabricator’s plant where the roll defects show 
up as slivers and fins. The open-hearth metallurgist maintains 
complete records of the melting and rolling characteristics of the 
various heats which go into the same item, and charts the trends 
of any variations in practice. On particularly difficult jobs it is 
sometimes desirable to remove some of the more highly segregated 
portion of the ingot for reapplication on an item where the 
physical requirements are not so stringent. 

In the cold reduction of the hot-rolled strip to gage, the sheet 
producer has another opportunity to tailor his product. He may 
vary the amount of cold reduction necessary to reduce the hot 
strip to the desired thickness within the limits of the capacities 
of the hot-strip mill and the cold-strip mill, to produce a sheet 
having the physical properties that he desires. Hayes and Burns 
(6) have shown the variation in grain sizes that can be produced 
with different amounts of cold reduction up to 60 per cent, and 
also the variation in size after annealing at 1100 and 1350 F, 
which have been reproduced in Figs. 9, 10, and 11. In general, 
a cold reduction of at least 30 per cent is necessary if the next 
operation is to be a box anneal at 1200 F or higher in order to 
avoid the production of extremely coarse-grained material that 
is unsuited to any forming and drawing requirements. The 
effect of variations in the amount of cold reduction on the physical 
properties for annealing temperatures of 1100 and 1350 F is 
shown in Fig. 12. The sharp breaks exhibited in the curves 
between 5 and 20 per cent cold reduction are due to an uneven 
coarse grain caused by a critical degree of strain (7) before box 
annealing. 
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Fic.9 MuicrosTrRucTURE oF MILD Fie. 10 Microstructure or MILp STEEL Fig. 11 Muicrostrrucrure or MILp Sree. 
STEEL NORMALIZED AND CoLp Repucep Various AMOUNTS, AND Repvucep VARIOUS AMOUNTS, AND 
Repvucep VARIOUS Box ANNEALED 4 Hr at 1100 F anp Box ANNEALED 4 Hr art 1350 F anp 
AMOUNTS Coo.ep 25 F per Hr Coo.ep 25 F ver Hr 


(Original magnification of <X 100 has been reduced 50 per cent.) 


In selecting the amount of cold reduction to be used, the sheet- are: (a) The severity of the drawing operation; (b) the surface 
mill metallurgist is governed by a number of factors, among which requirements, both in the severely strained and undisturbed 
_ . oe areas of the stamping; (c) the analysis of the steel to be used; 
@ Box Anneal at //00F (d) the annealing cycle to be used; and (e) the mechanical 
© Box Anneal at /350F limitations of the hot-and cold-strip mills. Usually the figure 
arrived at by weighing all of the different factors is somewhere 
between 30 and 70 per cent. 

In the most modern methods of processing, sheets which have 
been cold reduced in excess of 30 per cent are usually annealed 
in a stationary box-type of in-and-out furnace in heavy packs, 
or if the newest development of box-annealing equipment is used, 


Tensile 


° 
Strength in 1000 Lb per Sg In. 


----4--7" it would more properly be termed a box-type on-and-off furnace. 

30., The newest construction of box-annealing furnaces utilizes 4 

o number of bases on which the charge is built. After covering the 

- charge in a suitable manner, the heating unit is lowered over the 

e45 rs se oa 20 covered charge and fired until the heating and soaking cycle bas 

cn + Fe Lis. ----O---- been completed. Then it is lifted off and removed to the next 

2s a ee ae charge to be annealed. For very wide and long sheets, the charge 
SE 35 may be as much as 50 to 75 tons. The annealing is carried out # "ma 
6° - under closely controlled conditions, usually automatic, and with critic 
elaborate precautions to see that no part of the charge is ove 
heated while the coldest part is coming up to temperature. ‘lose 
protective gas atmosphere is added under the cover to prevel!t th 
YS 4Q% the sheets from scaling during the cooling cycle. The temper hot-n 
\ oo __jie3z tures ordinarily used are from 1250 to 1350 F, depending on the ‘mp 
y’ | &§, fabrication to be performed, the steel that is being used, and the draft 
. 70 t 0” efficiency of the separating medium on the sheets to keep thet factor 
F 60 , ad \ 5 from welding together at the annealing temperature. Fig. !3 to sh 
3 Q \ shows a charge of sheets with thermocouples placed before @% Jump 
© 50964 covering. Fig. 14 shows the automatic control system that's decre; 
oY used to insure the proper rate of heating and time of soaking 
produce a thorough and uniform annealing of the charge. annes 
£5 30 _— In the older process of hot rolling to finished gage, the Manu 
+ on | sheets were invariably normalized to recrystallize and refine the Most, 
0 10 20 30 40 50 60 grain structure, thus erasing the variations from the hot-mill fi srap 
Per Cent Cold Reduction rolling. If these sheets were to be box annealed as the colt devel 


Fie. 12 Puysica Properties or Steet, Coup Repucep reduced sheets are, the grain size would be extremely nonuniform 0 
Various AMOUNTS AND Box ANNEALED AT 1100 anp 1350 F and the physical properties very poor since the amount of stté? J °Ppor 
{ 


i 
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Fie. 13 SuHeets Buitt ror Box ANNEALING WITH 
THERMOCOUPLES IN PLACE 


Fic. 14 Automatic RecorpING INSTRUMENTS UsEep To ConTROL 
THE Box-ANNEALING CYCLE 


Fig. 15 Typtcan Grain Structure or Noamanizep Saests Cootep From NorMALIsING TEMPERATURE AT VARIOUS RaTzEs 
(Left: Cooling rate 185 F per min, Center: Cooling rate 44.5 F per min. Right: Cooling rate 30 F per min. Magnification x 100.) 


remaining in the sheets after the hot-rolling operation is in the 
tritical-strain (7) range for low-carbon rimming steel. The hot- 
rolling operation in wide sheets is not nearly so susceptible to 
close control as it is on narrower sheets in so far as residual strain 
in the sheet is concerned. This is because on wide sheets the 
hot-mill roller must be allowed sufficient latitude in his heating 
‘emperatures so that he can coordinate the shape of his mill, the 
drafts he must take, the shape of his breakdowns and other 
factors, in order that he can produce a sheet of sufficient length 
‘o shear out and be free from surface defects such as pinchers, 
jumpers, and scale matte. The magnitude of these variables is 
decreased considerably in rolling narrow sheets, and conditions 
‘an be controlled to such an extent that these sheets can be box 
amealed without encountering critical grain growth. The 
manufacturer who hot rolls wide light-gage sheets has at best a 
host difficult task to produce the required tonnage with nominal 
‘rap even when taking full advantage of the latest mechanical 
developments in hot-mill heating and rolling equipment. 

In the normalizing operation, the sheet producer has another 
‘pportunity to tailor his product according to the customer’s 


demands. He has the opportunity to vary his normalizing 
temperatures and heating and cooling rates. The effects of such 
variation on grain size are shown in Fig. 15. In general, the 
slower the cooling rate, the larger the resulting grain size will be. 
While most of the product that is normalized is rolled on a hot 
mill, cold-reduced sheets may be normalized when it is so desired 
(and such is often the case, even with the additional expense 
involved). Cold-reduced sheets which have been normalized 
are in general slightly finer grained and harder than the hot- 
rolled product, when the normalizing cycle is the same. A 
comparison of the hardness of hot-reduced and cold-reduced 
normalized sheets is shown in Fig. 16. These data have been 
plotted in the form of curves showing the cumulative percentage 
of tests below any given hardness within the range of tests. The 
width of the range is in a large part due to segregation effects in 
the ingot. The metallurgical department patrols this operation 
very closely, making a great number of tests from which distribu- 
tion curves are drawn for varying furnace practices and analyses. 
The control is then worked on a method of extremes and averages, 
inasmuch as the range of hardness is somewhat wide on any one 
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Cumulative Distribution , Per Cent of Tests 


| 


54 58 62 66 70 
Hardness, Rockwell B 


Fie. 16 Errect or or on RocKWELL HARDNESS 
AFTER NORMALIZING 


heat due to the segregation effects in the ingot. Another such 
curve is shown in Fig.17 which shows the effect of a variation in 
cooling rate on the cumulative distribution of Rockwell-hardness 
values. 

After the normalizing operation, the sheets are pickled to 


o 


o 


Cumulative Distribution , Per Cent of Tests 


40 44 48 52 56 60 4 
Hardness, Rockwell B 


Fie. 17. Errect or Rate or Coouinc From NorMALIZING Tew- 
PERATURE ON THE ROCKWELL HARDNESS OF MILD-STEEL SHEETS 


remove scale, temper rolled a specified amount on smooth rolls 
to improve the surface and flatness, and then reannealed to 
remove the cooling strains from normalizing and also the strains 
from the temper rolling. This annealing is carried out in box- 
type in-and-out furnaces similar to those referred to in the anneal- 


Fig. 18 Various AMOUNTS OF STRETCHER STRAINING IN INCREASING SEVERITY 


(1 Extremely light. 


10 Extremely heavy. Original magnification of X 100 reduced 37.5 per cent.) 
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ing of cold-reduced material, and the same precautions are taken 
inheating the charge. The annealing temperature used to relieve 
the strains varies from 950 to 1200 F, depending on the require- 
ments of the customer’s fabrication. 

After the sheets from either process have been box annealed, 
they are ready for temper rolling or the pinch-pass operation 
where the metallurgist has his final opportunity to control the 
results that will be had in the drawing operation. Sheets have 
their maximum ductility and minimum hardness after annealing, 
and it is extremely unfortunate that they cannot be drawn in 
this condition without objectionable surface disturbances taking 
place. These surface disturbances are known as “stretcher 
strains,” “‘worms,”’ or “‘Luders lines’’ and are intimately connected 
with the elongation that takes place at the yield point when a 
tensile sample is stretched. Fig. 18 shows the appearance of 
these stretcher strains. The yield-point elongation of well-made 
sheets or strip in the annealed condition is usually within the 
range of 3 to 7 per cent and can be completely removed by 
temper rolling (pinch passing); and when completely removed, 
the material no longer shows these characteristic surface disturb- 
ances. This subject has been covered intensively in a number of 
papers (8, 9, 10) and will only be considered briefly here. Two 
of the factors with which the yield-point elongation of annealed 
mild-steel sheets is related are: 

1 Ratio of the yield point to tensile strength (often termed 
“elastic ratio’’): The lower the elastic ratio, the lower the yield- 
point elongation. 


0 04 


6 


> 


w 


Yield-point Elongation, Per Cent 


0.8 1.2 1.6 20 
Per Cent Temper Roll 


Mie. 19 Errecr or THE AMOUNT OF YIELD-PoINT ELONGATION AS 

ANNEALED ON THE AMOUNT OF TEMPER ROLLING NECESSARY TO 

EUMINATE THE YIELD-PoINT ELONGATION. TEMPER ROLLING Done 
Wirn 4-In. DiaMeTER ROLLS 


2 Grain size: Generally, the finer the grain size, the greater 
the yield-point elongation. 

The amount of temper rolling necessary to remove the yield- 
point elongation completely is directly proportional to the yield- 
point elongation of the annealed material (6). This relation- 
ship is shown in Fig. 19. 


Yield Tensile Elonga- Yield- Rock- 
strength, strength, tion, oint well 

b per Ib per elonga- hard- 

Time sq in. sq in, 2in. tion, % ness, B 
28000 49950 39.9 0.0 47.6 
00 31 50470 37.7 49.4 

50460 50. 
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Unfortunately, temper rolling, while eliminating the yield- 
point elongation and also the corresponding tendency to stretcher 
strain when performed in increasing amounts, also increases the 
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STEEL SHEETS 


TABLE 3 EFFECT OF TIME ON THE PHYSICAL PROPERTIES OF MILD-STEEL SHEETS 
TEMPERED 1 PER CE 


-—Hot-reduced, normalized, and annealed— 


NT 
-————-Cold-reduced and annealed —-—-—— 


Yield Tensile Elonga- Yield- Rock- 
strength, strength, tion, oint well 

per lb per % in elonga- hard- 

sq in. sq in, 2in. ation, % ness, B 
23770 45120 42.2 0.0 44.1 
24450 44750 41.8 0.4 42.6 
7 44350 41.0 42.8 
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hardness and decreases the ductility. Still more serious, it sets 
off the aging tendency (10) which further deteriorates the physical 
properties with time. Under these conditions, it is customary 
in the mill to temper roll an amount slightly greater than the 
minimum amount necessary to prevent the sheets from stretcher 
straining when used within a reasonable period of time and not 
so much as would cause an extensive increase in breakage in the 
drawing operation. 

The amount of temper is customarily specified as a certain 
percentage of elongation of the annealed sheet. Charts, an ex- 
ample of which is shown in Fig. 20, have been prepared from which 
the temper roll operator can rapidly determine the actual elonga- 
tion in fractions of an inch to be applied to the sheet. The per- 


Fic. 22 A FInisHED QUARTER-PANEL READY FOR APPLICATION TO 
an AUTOMOBILE Bopy—ARCHER AND GEUDER (11) 


centage temper rolling will usually be in the order of from 0.3 to 
3 per cent. Measurements are taken throughout the lift of iron 
being rolled by temper-roll checkers attached to the metallurgist’s 
staff to insure the proper temper being applied. On wide sheets 
it is customary to measure the elongation on both sides and also 
in the middle to be sure that the mill is pulling straight, since a 
variation in pull of as much as 1 per cent between the two sides 
of a sheet 63 in. wide will not be apparent as readily in the form of 
camber as it would be on a sheet only 30 in. in width. With 
close control it is possible to temper roll wide sheets as close as 
plus or minus 0.1 per cent of the specified amount. 

After temper rolling has been completed, the sheets are in- 
spected, packed, and shipped. If the fabricator uses the sheets 
promptly after their arrival, a minimum of difficulty can be 
expected in so far as changes due to aging are concerned. The 
magnitude of the deterioration in physical properties experienced 
with time (aging) on tempered drawing sheets is given in Table 3 
and the trend is shown in Fig. 21. In addition to the hardening 
action and loss of ductility, the yield-point elongation also comes 
back with the resultant difficulties associated with surface 
disturbances such as stretcher strains. 

We have dealt with the manufacture of wide sheets by several 
different processes, of which the essential difference, in so far as 
metallurgical characteristics are concerned, is in the manner in 
which the sheets have been reduced to gage and then annealed. 
Aside from economy and improved surface, the most modern 
practice of cold reduction to gage followed by annealing has 
another great advantage over the older processes requiring both 
normalizing and annealing. This advantage is in the improved 


physical properties that are obtained by the most modern method. 
A typical comparison of these differences may be observed by 
referring to Table 3. 

It will be noted that the yield strength, tensile strength, 
and hardness of the cold-reduced annealed sheet are lower and 
the percentage of elongation in 2 in. has been increased to the 
extent of approximately 2.5 per cent. In addition, the metal 
has less tendency to buckle in the dies and to spring back when 
removed from the dies due to the initially lower yield point which 
allows flow into the dies at lower unit stresses than with initially 
harder and tougher material. The principal disadvantage with 
cold-reduced annealed sheets is their increased tendency to 
stretcher strain after short periods of aging as compared to a 
normalized box-annealed sheet. 


APPLICATION OF WIDE SHEETS IN THE AUTOMOBILE Bopy 


The developments in the utilization of wide cold-rolled drawing 
sheets in automobile-body and fender fabrication have been 
published by Winlock and Kelley (9), Archer and Geuder (11), 
and Beaudoin (12). From 1928 to the present time it has been 
the problem of the steel mills to give to the automotive industry 
all of the wide sheets that they required. It was formerly the 
practice to make the rear quarter of an automobile body in a 


Fia. 23. Drawine a Buick Front 
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number of stampings, such as the upper quarter-panel, the lower 
quarter-panel, the wheelhouse panel, and roof rail, which were 
fastened together in various manners, most often by welding, and 
the joints covered with decorative trim. Present practice is to 
use wide sheets and eliminate as many welds and operations as 
possible as is evidenced by the single stamping now being used 
for a rear quarter-panel, an example of which is shown in Fig. 22. 
In some plants a complete side panel for the body is made in one 
stamping. 

Fenders which were formerly made with a crown and apron, 
are now being made in one piece as shown in Fig. 23, which also 
includes the hood ledge. Another notable new use of wide sheets 
is in the one-piece drawn-steel top, shown in Fig. 24, which was 
pioneered by Fisher and is now practically standard equipment 
on closed cars throughout the automotive industry. Not many 


Fig. 24 Turret Avutomosite Top Reavy To Be WELDED To A 
Compete Bopy. THERE ARE ONLY Four Pornts at Wuicu 
Tor Is WELDED To ADDITIONAL PANELS—ARCHER AND GEUDER (11) 


years ago such a stamping would have been impossible both from 
a sheet and press standpoint unless it had been assembled from 
a number of smaller stampings. 

Another present-day trend in the automobile-body-fabricating 
industry is toward the use of “sheets in coils,” or wide-strip coils, 
in order to blank irregular shapes with greater economy, in so far 
as scrap is concerned, than would be possible from rectangular 
sheets. Parts being made from wide coils now include side panels, 
radiator shells, front and rear fenders, hood tops, hood sides, and 
running boards. 

As is usual in cases where rapid progress has been made, the 
art in many cases has preceded the science, and were it not for 
the wholehearted cooperation of the body fabricators and stamp- 
ing shops, it is quite doubtful whether the development of wide 
drawing sheets would be as far along as it is at the present time. 
The installation of processing levelers of the Budd-McKay type 
has been very helpful in the utilization of sheets having a tendency 
to stretcher strain, which might have been due to slightly under- 
tempering at the mill or to the effects of aging. 

It is general sheet-mill practice to have mill representatives 
and metallurgists frequently contact the sheet-consuming indus- 
tries so that any slight adjustments that are required in the 
sheet-production methods can be made as the need arises. This 
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enables the mill to clearly understand the customers’ require- 
ments and make changes in processing of material to meet 
specific requirements. In most cases the cooperation between the 
consumer and the mill has been so complete and satisfactory that 
it has been found unnecessary to write restrictive purchasing 
specifications covering the physical properties and chemistry of 
the sheets, the main requirement being that the sheets should be 
satisfactory for the job in so far as breakage, surface after draw- 
ing, and bad metal is concerned. Bad metal includes such surface 
defects as slivers, fins, pits, and scratches which might develop 
only after the sheet has been drawn. 

The sheet manufacturers will and are continuing to cooperate 
with the users of sheets to meet new requirements and to improve 
the present products. There is a large amount of work still to 
be done in the steel plant and rolling mill in the matter of making 
better drawing sheets. Particularly are there opportunities 
along the line of decreasing, or preferably, completely eliminating, 
the aging behavior which always develops if there is any abnormal 
delay in stamping sheets after they have been delivered. The 
very nature of the steel used in the production of sheets for draw- 
ing purposes at the present time makes this a rather difficult 
undertaking, but that the problem is not insurmountable has 
been demonstrated. 


ACKNOWLEDGMENTS 


The author takes this opportunity to express his indebtedness 
to The American Rolling Mill Company for making available 
their facilities and also much of the data incorporated in this 
paper. 


BIBLIOGRAPHY 


1 ‘‘New High Peak in American Steel,” Jron Age, vol. 119, January 
6, 1927, pp. 1-9. 

2 “The Evolution of the Wide Strip Mill,”’ by S. Badlam, American 
Iron & Steel Institute Yearbook, 1927, pp. 343-414. 

3 ‘‘Present Steelmaking Facilities Show Significant Weaknesses 
if Rush of New Business Continues,”” by J. D. Knox, Steel, vol. 100, 
January 4, 1937, Table VIII, p. 116. 

4 ‘‘Modern Equipment for Making Armco Strip Steel,’’ by C. 
Longenecker, Blast Furnace and Steel Plant, vol. 24, December, 1936, 
pp. 1061-1066. 

5 “Rolling Mills for Wide Strip,” by A. Noll, Blast Furnace and 
Steel Plant, vol. 24, November, 1936, p. 993. 

6 “Cold Rolling of Mild Steel Sheets and Strip,” by A. Hayes and 
R. S. Burns, American Society for Metals, Preprint No. 12, Meeting 
of October 19-23, 1936, pp. 15-26. 

7 “The Metallography and Heat Treatment of Iron and Steel,” 
by A. Sauveur, McGraw-Hill Book Company, New York, N. Y., 
fourth edition, 1935, p. 285, et seq. 

8 ‘“‘Autographic Stress-Strain Curves of Deep-Drawing Sheets,” 
by R. L. Kenyon and R. S. Burns, Transactions of the American So- 
ciety for Steel Treating, vol. 21, 1933, pp. 577-600. 

9 “Sheet Steel and Strip Steel for Automobile Bodies,”” by J. W. 
Winlock and G. L. Kelley, Transactions of the American Society for 
Steel Treating, vol. 18, 1930, pp. 241-269. 

10 ‘Aging of Mild Steel Sheets,” by R. O. Griffis, R. L. Kenyon, 
and R. S. Burns, presented before a meeting of the American Iron 
& Steel Institute, and abstracted in the following publications: Steel, 
vol. 92, May 29, 1933, pp. 23-25; Iron Age, vol. 131, June 1, 1933, pp. 
861-862; Blast Furnace and Steel Plant, vol. 21, June 6, 1933, pp. 
312-314, and 329. 

11 ‘‘Steel Sheets for Today’s Motor Car,” by T. P. Archer and 
R. A. Geuder, Iron & Steel Engineer, vol. 13, December, 1936, pp. 
28-38. 

12 “‘An Unusual Fender Job,’’ by J. Beaudoin, Metal Progress, 
vol. 29-30, December, 1936, pp. 59-64. 


| 
ig 
on 
< 
), + 
h 
<i) 
<4 
+ 
v 
A 
: 
| 


2 
: 
Bs, 
| 
Pgh f 
1 
a 
a 
tl 
th 
h 
N 
St 
to 
0 
M 
of 
th 
his 
tio 
CH 
| 
Cer 
810) 
Unc 
th 
Wer 


This paper discusses the form of the warped surface on 
twist drills called “lip clearance”? as produced by five 
makes of drill-sharpening machines. Theoretically this 
lip-clearance angle should increase as measured from the 
circumference toward the center of the drill. So-called 
correct angles are assumed for various-diameter drills 
with a given feed, and illustrations show how much the 
drills actually vary from the correct angles. The contour 
of the lip-clearance surface is measured by a special meas- 
uring machine. 

The drills are rotated by 10-deg increments and the dial- 
indicator pointer on the measuring machine moved a 
definite distance from center for each measurement. 
Thus, deviations of the surface from a true cone are meas- 
ured. The angle is easily computed from these data. 
Detailed description shows how the lip-clearance surface 
is developed and a comparison is made of the actual with 
the assumed correct angle of clearance. Figures show the 
developed surfaces of */;-in. and 1-in. drills as sharpened 
on these five drill-grinding machines. Some drills have 
beveled corners and a negative clearance may be noted on 


HE SUBJECT of twist drills has been of considerable 

importance for a number of years, and many studies have 

been made. Most of these studies have dealt with charac- 
teristics of drills other than lip clearance, and a study of this 
feature has not been touched upon very much as far as the author 
has observed. 

The shape of the lip clearance is of prime importance because 
it helps to form the cutting edge. An excess of clearance weak- 
ens the cutting edge. If, on the other hand, there is not enough 
clearance the drill cannot cut freely. 

“Lip-clearance angle’ is a term that may require defining, 
and for that reason, reference is made to Fig. 1 showing the end 
and side views of the point of a twist drill. The term “lip- 
clearance surface”’ is given to that surface which is so named in 
the plan view in Fig. 1. It is the surface directly back of the 
cutting edge or lip, and is the peculiarly warped surface that forms 
the clearance between the drill proper and the bottom of the 
hole that has been created by the drill. 

1 Associate in Mechanical Engineering, University of Illinois. 
Mem. A.S.M.E. Professor Starr has served as toolmaker with the 
Stanley Works, New Britain, Conn., toolmaker, die maker, and 
toolroom foreman with the New Britain Machine Company, New 
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thus employed studied for a B.S. degree in industrial education, 
which he received in 1933. In 1931 he was made instructor in me- 
chanical engineering at the University of Illinois, and advanced to 

present position in 1934. 
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tion at the Semi-Annual Meeting of Taz American Society or Mz- 
CHANICAL ENGINEERS, to be held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
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A Study of Lip Clearance on Twist Drills 


By CHARLES J. STARR,’ URBANA, ILL. 


these because of lack of care in sharpening the drills. 
The developed surface of a drill with a thinned web shows 
how the possibility of rubbing back of the cutting edge in 
the web may be reduced. 

The figures show that too much clearance is ground 
near the circumference of the drill in most of the cases 
studied. A few, however, approach quite near to the so- 
called correct angles. 

The drills are tested on drill presses equipped with dy- 
namometers in annealed cast iron at approximately 60 
fpm surface speed. Torque and thrust curves are plotted 
to show the power required to operate these drills. Con- 
siderable variation will be noticed in the torque and 
thrust. The advantage of thinning the web is brought out 
quite positively in these curves. The paper suggests a fu- 
ture study to endeavor to ascertain if one machine sharp- 
ens drills that are better adapted for drilling one material 
than another, also that endurance tests should be run to 
test the life of drills between grinds. There is no inten- 
tion to criticize the design of the various sharpening ma- 
chines, but rather their operation. 


Ossect or Stupy 


The object of this study is to obtain the contour of the lip- 
clearance surface as developed by various machines that are 
manufactured for sharpening twist drills. As is already known, 
it is necessary that the angles of clearance change as the drill is 
measured from the circumference toward the center, along the 
cutting edge. 

The drill illustrated in Fig. 2 shows the feed per revolution. 
If the circumference of the drill is developed, a triangle is formed 
in which the circumference forms the base of the triangle, and the 
feed one side. The hypotenuse of the triangle gives the helix 
angle of feed of the drill, or in this case, angle AOB. Now as the 
diameter is reduced, and the center of the drill is approached, 
the feed remaining constant, the angle will increase until a condi- 
tion is reached that will be considered as giving the angle A’OB. 
In this case, the circumference of the circle would be B’O’, in- 
stead of BO, as in the first instance. Thus, it is seen that the 
angle of clearance, or the form of the lip clearance, must change 
and become greater toward the center of the drill than near the 
circumference. The variations observed resulting from the 
measurement of this lip clearance led to the present discussion. 


oF MEASURING 


The method developed for measuring the lip-clearance angle 
led to the construction of the machine shown in Fig. 3. This 
apparatus consists primarily of a means of holding the drill and 
revolving it any number of degrees desired. A pointer comes in 
contact with the lip clearance of the drill and the drop of that 
face from a true cone is measured in thousandths of an inch. 

A drill lined off to illustrate the circular and radial movements 
of the indicator pointer is shown in Fig. 4. By means of the 
compound rest on the measuring machine, it is possible to get the 
line of travel of the dial indicator parallel to the cutting edge of the 
drill. 

When the drill is inserted in the collet in the headstock, it is 
rotated until the cutting edge stands in a horizontal position as is 
shown in Fig. 5A. This position is checked with a horizontal 
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straightedge and a magnifying glass. A graduated dial at the 
left end of the headstock is then set at 0. The chisel-edge angle, 
such as 138 deg shown in Fig. 5G, is then determined by rotating 
the drill. 

When operating this machine, the point of the indicator is set 
on center, both vertical and horizontal, with the center of the 
headstock of the spindle. By rotating the screw of the com- 
pound rest, the indicator, or point, travels along the face of the 
drill, from the center toward the circumference or from the 
center of Fig. 5A along the center line BA, from its center toward 
A. Thus, it is possible to find the point angle as shown in Fig. 
5F, that is, angle 124 deg 20 min in this case. 
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The next step is to measure the angle of clearance. Fig. 5A 
shows how the drill is rotated with the indicator point set any 
desired distance from the center of the drill. As the pointer is 
moved by !/scin. increments along radii from the drill center, 
the drill is rotated clockwise, for readings below center line AB, 
and counterclockwise for readings above center line AB. To 
explain this more thoroughly, take one increment and follow it 
through to obtain the measurement desired. Consider the radius 
of the cirele as that shown by the line O to C in Fig. 5F, and divide 
this distance up into sixty fourths as shown in Fig. 5A and 5B. 
The divisions are represented by the various circular lines shown 
of these two figures. If the !/s-in. circle is considered as an ex- 
ample, the circular line XY shown in Fig. 5A will represent 
that part of the circle which passes over the clearance surface of 
the drill, X representing the point where the circle passes through 
the cutting edge, and Y the point where it intersects the flute of 
the drill. 

If a cylinder with '/s-in. radius, having its axis coincident with 
that of the drill, is passed through the clearance face, it will cut it 
as shown in Fig. 5F where the cylindrical surface PQ cuts the 
clearance face, and will be the segment of a circle X Y as shown in 
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Fig. 5A, but as this intersection is looked at from a different 
angle, it will appear as shown in Fig. 5D. It appears as an ir- 
regularly curved line, with relation to the cutting edge, because 
the end of the drill is not a true cone, due to the clearance ground 
On it. 

As the surface drops away from the cutting edge, the distance 
from the true cone to the clearance face will increase with the 
result that a peculiar curve is shown by a '/s-in. radius circle 
shown in 5D. The distance between the true circle and the ir- 
regular curve, shown in Fig. 5D, is measured on the dial indica- 


tor, as the drop or clearance of the cutting edge for any given 
distance. 

To show this drop, that is, the form of the lip-clearance angle 
and its deviation from a true cone, the surface is developed as is 
shown in Fig. 

In Fig. 5F it will be found that the triangle AOB has AO as the 
cutting edge of the drill and BO as the radius. Therefore AB is 
the projection of AO on the line AB, and the distance called 
'/, in. in Fig. 5D is this projection. Since this particular drill 
is '/,in. diameter and the cutting edge is to be measured by */g-in. 
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increments, the line AB in Fig. 5F is divided accordingly. That 
part of the circle as shown by XY in Fig. 5A is developed and 
now appears as a straight line XY in Fig. 5Z, and the clearance is 
represented by the heavy line MN. The other light lines in 
Fig. 5E show the construction, how the distance changes by 10- 
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TABLE 1_ DRILL FEEDS USED IN PRACTICE, AND grvenacs 
FEEDS USED BY THE AUTHOR IN THIS PAPE 


Feeds used in practice, Feeds xc as 


Drill diameter, in. per rev average by the 
in. Minimum Maximum author, in. per rev 
1 0.014 0.050 0.040 
3/5 0.008 0.013 0.012 
0.007 0.012 0.010 
0.006 0.010 0.008 
3/18 0.005 0.007 0.006 
V/s 0.004 0.006 0.005 


deg increments, and how the angle of clearance forms a curve, 
and not a straight line. 

When reading the dial indicator, as the drill is measured, those 
values that occur to the right of zero on the dial shown in Fig. 6 
are considered as plus and those to the left of zero are considered 
as minus. This method of designation is used as a convenience 
when laying out the developed view as shown in Fig. 5EZ. Plus 
values are placed to the left of the vertical line and minus values 
to the right. 

It is also possible to notice that the angle of clearance at the 
circumference C is less than the angle of clearance near the center. 
The table accompanying Fig. 5 shows the clearance angle at a 
distance approximately equal to 10 deg back from the cutting 
edge. Drills ground on five types of drill grinders were measured 
in the manner just described. 
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The question which immediately presents itself is: ‘What 
should be the correct angle?” It is necessary that one should know 
before this question is answered what the correct feed is for any 
given size drill? Apparently, a standardized feed for a given 
drill is impossible, because of varying conditions of machine and 
material, as well as quality of the drill. Therefore, as a basis 
on which to work, it is necessary to assume given feeds for given 
size drills. For this purpose, the author took feeds for these 
given size drills from the actual practice of various users and 
drill manufacturers, and from the data gathered assumed an 
average feed, which average feed is used throughout the remaining 
part of this paper. The feeds used in practice as obtained from 
users and manufacturers of drills, together with the average 
feed for each size of drill as assumed by the author, are given in 
Table 1. 

Helix angles were developed from the author’s assumed values 
of feeds by the method shown in Fig. 2. The feed specified for a 
given diameter of drill and the angle was figured from the cireum- 
ference to the center for changes in diameter by !/s:-in. inere- 
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ments. The results obtained from these drills, sharpened by 
different methods, are extremely interesting. 


DEVELOPED CURVES 


In Figs. 7, 8, 9, and 10 are shown studies of the points of */,-in. 
drills ground on four different types of machines, hereafter desig- 
nated as machines A, B, D, and E. A clearance table is included 
with each figure which shows the actual clearance by '/gin. 
increments from the center to the circumference as compared 
with the feed angle required for the feed for that given diameter, 
the feed being the author’s assumed values given in Table 1. Of 
course, it must be realized that clearance above the angle of 
feed must be maintained so that the cutting edge will clear and 
actually cut. For that reason, a clearance angle of 7 deg has 
been arbitrarily assumed, and this angle, added to the angle of 
feed, appears in the fourth column of the table shown with each 
of these figures. The dashed lines in each figure indicate what 
may be assumed to be the proper angle. 

It may be observed, after examining these figures, how much 
the actual cutting angle differs from that which is required in 
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order that the drill may cut at the feed designated. The drills 
sharpened on machine A have a comparatively straight cutting 
edge, while those sharpened on machines D and E have an ex- 
treme angle of clearance. Of course, the angle of clearance that 


is very far back of the cutting edge is unimportant; however, the 
excessive angle shown in Fig. 10 seems unnecessary. If the 
angle is not great enough, the drill will rub back of the cutting 
edge and will be unable to free itself. If the angle is too great, 
the cutting edge is much too weak. 

It will be noticed that the point angle on these drills varies con- 
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siderably from that which is usually considered as proper, namely, 
118 deg included angle. Even drills ground in the same ma- 
chine, although the sizes vary, do not necessarily have the same 
angle. The same peculiarities are found, as are shown, in the 
other sizes. In this group, attention is called to drills ground on 
machine B, and the peculiar shape of the point will be noted. 
There are two angles on the point. In other words, the corners 
are beveled or rounded off to insure longer cutting life of the drill. 
This gives the peculiar cutting-edge form shown in Fig. 8. 
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Fie. 16 Conprrion or Points or 1-In. Arrer THE 


The action of rounding the corner on a twist drill is not new. 
This was discussed by Benedict and Lukens in their investigation 
of drills in 1917.2 

Fig. 10 showing the drill sharpened on machine E gives the 


2 “An Investigation of Twist Drills,’’ Part I, by B. W. Benedict 
and W. Penn Lukens, Engineering Experiment Station Bulletin No. 
103, November 26, 1917, pp. 80-82. University of Illinois, Urbana, 
Ill 


same peculiar curve as obtained in the other drills sharpened on 
this same machine. It shows an unusual amount of clearance, 
and yet the curve swings back to the right, which means that 
all of the clearance is not available as may appear from the first 
look at the figure. 

Figs. 11, 12, 13, 14, and 15 show 1-in. drills ground on machines 
A, B, and C, respectively. Fig. 11 shows a drill that comes as 
close to the theoretical—if it may be called that—of any that 
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(Letters on curves denote the machine on which the drills were sharpened. 
The dashed line indicates the proper clearance curve for a feed of 0.008 in. 
per revolution. Clearance angle for the first 10 deg.) 
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Fie. 18 (Top Ricgur) Comparison or SUMMARIZED CLEARANCE 
Curves For °/i-IN. DRILLS 
(Dashed line indicates proper clearance ourve for a feed of 0.01 in. per revolu- 
tion. Letters on curves indicate the machine on which the drills were 
sharpened.) 


Fig. 20 (Bottom Rigut) CoMPARISON OF SUMMARIZED CLEARANCE 
Curves For l-In. Driuis 


(Dashed line indicates proper clearance curve for a feed of 0.04 in. per revolu- 

tion. Letters on curves indicate the various drills shown in Fig: 16. The 

letters in parentheses indicate condition of grinding as follows: (3) refers to 

drill corners beveled, (R) refers to drill without thinned web, and ( 
refers to drill with thinned web.) 


| 


on 
se, 
at 
rst 


nes 
hat 


RANCE 


r revolu- 
ills were 


:ARANCE 


refers to 
an 


MACHINE-SHOP PRACTICE 


have as yet been discussed. At the '/;-in. radius, it will be 
found that the actual angle of clearance is 8 deg 12 min while the 
so-called “correct angle’ would appear as 7 deg 43 min. How- 
ever, near the center, much more clearance appears than is actu- 
ally needed. If these curves are followed, particularly the #/s--, 
7/e-, and '/,-in. curves, it will be found that they have a tendency 
to bend to the right, which means that there is likely to be an 
interference there, or a rubbing action of that part of the drill 
against the material being cut. 

Fig. 12 shows a 1-in. drill ground on the same machine as the 
one illustrated in Fig. 11, but in this case, with the point thinned. 
This shows that the trouble already mentioned as appearing in 
Fig. 11 is eliminated, because the curve of the lip-clearance sur- 
face is not as long. 

All the drills discussed so far, the author believes, have been 
sharpened with the drill being held with its axis in a horizontal 
plane. This means that any changes, due to wear, on the face 
of the wheel will be likely to be reproduced in the lip-clearance 
angle, and the cutting edge will not necessarily be a straight line. 
It has been found in some cases that the cutting edge deviated as 
much as 0.040 in. from a straight line. 

Fig. 13 shows a 1-in. drill as ground on machine B with a stand- 
ard point. Fig. 14 shows a drill ground on the same machine, 
but with the corners beveled. This gives a peculiar cutting 
edge, as was noticed in the smaller sized drills. 

In Fig. 15 is shown a development of the drill ground against 
the face of the wheel, but in this case, the drill is held with its axis 
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in a vertical plane. It will be noticed that the curves of clear- 
ance come nearer to approaching straight lines than do most of 
those heretofore shown. However, trouble occurs toward the 
center of the drill, as has been mentioned before, by the drill 
rubbing back of the cutting edge. 

The condition of the 1-in. drills after testing is shown in Fig. 16. 
The difference between the two drills A will be noted. The one 
on the left has the point thinned. Less rubbing action will be 
noted at the chisel edge than in the other drill marked A. With 
drill C considerable rubbing action has taken place as is shown by 
the ball of metal at the chisel edge. The same holds true with 
the drills marked B. 

In Figs. 17, 18, 19, and 20, the curves of the drills as ground on 
various machines are summarized and compared. The degrees 
of clearance are plotted against radii. It will be noticed that 
the curves are extremely peculiar, and show little similarity. 

The dashed lines represent what would be the correct clear- 
ance curve with a feed that has been assumed for a given diame- 
ter and an additional allowance of 7 deg clearance. As shown in 
Fig. 17, */s-in. drills show an even greater variation, but the 
curves for 1-in. drills in Fig. 20 lie reasonably close together. 

Figs. 21, 22,23, and 24 show curves wherein the drills are classi- 
fied, according to the machine, on which they are ground. The 
curves for drills ground on machine A shown in Fig. 21 lie reason- 
ably close together except the curve for the '/s-in. drill. 

Fig. 22, for drills ground on machine B show curves for the 
two 1-in. drills that lie quite close together, but the smaller drills 


Degrees 


Qegrees 


Radius in Inches 
Fig. 21 (Tor Lerr) CuearaNnce ANGLES oF DRILLS SHARPENED ON 
MAcHINE A 


(Clearance angle for the first 10 deg.) 


Fig. 23 (Borrom Lert) CLmARANCE ANGLES oF Driuts SHARPENED 
on Macuinge D 


% Fi 
Radivs im Inches 


Fie. 22 (Tor Riewr) Cuearance ANGLES or SHARPENED 
on Macuinge B 


Fig. 24 (Borrom Rieut) Chearance ANGLEs or Dritis SHARPENED 
on Macuine E 
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Feed in Inches 


040 


Feed /n Inches 


Torgue im Pounds 


Fie. 25 (Top Lerr) Torque Devetorep Wirs 1-In. 


(Letters on curves indicate the Serre: A(T) drill with thinned web; 

A(R) drill without thinned web, B(R) drill without thinned ym, B(B) drill 

with corners beveled, and ill ground with corners beveled. The letters 
before the parentheses refer to the drills shown in Fig. 16.) 


Fie. 26 (Botrom Lerr) Torque DeveLorep Dritis 
(Letters on curves indicate machine on which drills were sharpened.) 


seem to vary considerably. With machine D, curves for which 
are shown in Fig. 23, this variation is increased much more. In 
this case, the drills are all ground on the same size machine. 

The curves for a group of drills ground on machine E are shown 
in Fig. 24. The fact that these curves do not lie together, shows 
that the method of holding the drill or method of locating the 
drill on the holder is such that the operator can make a mistake 
and not clamp all drills the same. This condition apparently 
holds true for drills ground on machine D. 

The curves for drills ground on machine B, which are shown in 
Fig. 22 run reasonably close together, for the small and also 
large drills, and yet, a wide variation between the two groups, 
while the curves for drills ground on machine A, shown in Fig. 21, 
lie to a great extent together even though in this case, the small 
drills are ground on one size of machine, and the large drills ground 
on another. 

After studying the clearance angles of these various drills, 
they were tested in machines equipped with dynamometers. 
The 1-in. diameter drills were tested on the drilling machine used 
by Benedict and Hershey.* The small drills were tested on a 
high-speed drilling machine and dynamometer developed by the 
author. Torque and thrust were taken by springs and the de- 
flection of these springs registered on dial indicators. The 


3**An Investigation of Twist Drills,’’ Part II, by B. W. Benedict 
and A. E. Hershey, Engineering Experiment Station Bulletin No. 
159, November 16, 1926. University of Illinois, Urbana, Ill. 


Thrust in Pounds 
Fig. 27 (Top Ricur) Tarust on 1-In. 
(Letters on curves have same reference as given in Fig. 25.) 


Fig. 28 (Borrom Ricut) Turust on */s-IN. 
(Letters on curves indicate machine on which drills were sharpened.) 


springs were calibrated in place on the machine against known 
loads and calibration curves established. These drills were 
tested in commercial iron that had been cast in the university 
foundry. The cutting speed for the drills was approximately 60 
fpm. The blocks were annealed and the Rockwell hardness found 
to average 77.5 B on the large blocks and 76 B scale on the small 
blocks. The chemical composition of these blocks was 2.18 sili- 
con, 0.081 sulphur, 0.57 phosphorus, 0.52 manganese, 3.50 
carbon. 

In Figs. 25, 26, 27, and 28 are shown torque and thrust curves 
for drills tested. These curves show that no set of drills as 
sharpened on any particular machine may be considered superior 
to another, in so far as torque and thrust are concerned except in 
the case of the 1-in. drill with the thinned point. Here a slight 
difference will be noticed in the torque curve, but a consider- 
able difference appears in the thrust curve as may be expected. 

Examination of the holes drilled showed that all drills cut 
about the same as to size and finish except those drills with the 
beveled corners. These drills produced holes that were nearer 
to the drill size and had a better finish than holes produced with 
drills having standard points. This fact is not considered as 
showing a superiority of grinding machine B, because the same 
might have resulted if drills had been beveled after sharpening 
in the other machines. 

The beveling of the corners did show a decided factor in en- 
durance tests of */s-in. drills. These tests were run using test 
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MACHINE-SHOP PRACTICE 


TABLE 2 TABULATED DATA OF TORQUE AND THRUST OF 


DRILLS GROUND ON VARIOUS MACHINES 
Drill-grinding Feedin. Torque, Thrust Drill-grinding Feed, in. Torque Thrust, 
Ib lb ib lb 


machines per rev machines per rev 

1-in. drills 3/s-in. drills 
A (st'd) 0.0399 50 2420 A 0.0065 3.52 244 
A (thin) 0.0399 45 1400 B 0.0065 3.50 263 
B (st'd) 0.0399 50 1920 D 0.0065 3.41 208 
B (bev) 0.0399 50 1965 E 0.0065 3.55 225 
c 0.0399 51 3030 A 0.0074 3.92 267 
A (st’d) 0.0499 68 2650 B 0.0074 3.59 286 
A (thin) 0.0499 58 1833 D 0.0074 3.88 243 
B (st’d) 0.0499 64 2620 E 0.0074 3.86 260 
B (bev) 0.0499 65 3000 A 0.0085 4.22 307 
Cc 0.0499 64 4330 B . 0.0085 4.11 330 
A (st’d) 0.0623 83 4550 D 0.0085 4.25 272 
A (thin) 0.0623 70 2290 0.0085 4.32 297 
B (st'd) 0.0623 78 3300 1/¢-in. drills 
B (bev) 0.0623 76 3460 y 0.0065 1.37 169 
C 0.0623 80 4900 B 0.0065 1.54 158 

‘/e-in. drills D 0.0065 1.43 153 
A 0.0065 2.26 188 E 0.0065 1.51 176 
B 0.0065 2.58 221 A 0.0074 1.60 184 
D 0.0065 2.23 193 B 0.0074 1.83 184 
E 0.0065 2.59 232 D 0.0074 1.65 174 
{ 0.007 2.50 213 E 0.0074 1.69 191 
B 0.0074 2.88 247 A 0.0085 1.86 212 
D 0.0074 2.63 223 B 0.0085 2.12 210 
E 0.0074 2.85 263 D 0.0085 1.99 210 
4 0.0085 2.70 244 E 0.0085 2.12 225 
B 0.0085 3.24 287 1/s-in, drills 
D 0.0085 2.87 249 A 0.0041 0.10 = 89 
E 0.0085 3.22 309 D 0.0041 0.12 73 

3/,e-in, drills E 0.0041 0.10 59 
A 0.0047 0.61 119 A 0.0047 0.12 108 
D 0.0047 0.60 ‘114 D 0.0047 0.23 83 
E 0.0047 0.55 114 E 0.0047 0.14 68 
A 0.0057 0.65 138 A 0.0057 0.14 137 
D 0.0057 0.68 118 D 0.0057 0.23 83 
E 0.0057 0.69 121 E 0.0057 0.14 68 
A 0.0065 0.75 145 
D 0.0065 0.85 136 
E 0.0065 0.82 139 


blocks of S.A.E. 6150 steel. This steel had been normalized 
and had a Rockwell hardness of 92 B. A sulphurized mineral 
oil was used as a coolant. A surface speed of 166 fpm and a feed 
of 0.0085 in. per revolution were used. All drills ground with the 
standard point failed early in the test while the drills with beveled 
corners did not fail at all and appeared in very good condition at 
the end of the test. 

The results of this test were as follows: A drill ground on 
machine A drilled 5 holes, 1 in. deep; a drill ground on machine B 
drilled 11 holes, 1 in. deep and was still in good condition at end of 
test; a drill ground on machine D drilled 2 holes, 1 in. deep; anda 
drill ground on machine E drilled 4 holes, 1 in. deep. The only 
reason that drill B was not run to destruction was that the test 
material was exhausted. 
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A summary of the torque and thrust data is shown in Table 2, 
An analysis of this table shows, more completely, the results 
that have been plotted in Figs. 25, 26, 27, and 28. A study of the 
figures given in Table 2 confirms the statement previously 
made that no grinding machine is superior to another in all 
cases. The only real difference occurs in the drill with the thinned 
point. 

The small drills were copper-plated on the point, the better to 
detect any rubbing that might occur. On the 5/.-in. and '/,-in. 
drills, that were sharpened on machine B, considerable rubbing 
was detected on the beveled corners. 

It is hoped that this paper will suggest a future study of this 
subject at which time drills sharpened on various machines should 
be tested in different materials. Complete endurance tests 
should also be run for it seems possible after this study of the lip- 
clearance angle that one grinder may have points that make it 
superior for sharpening drills for different materials or other 
conditions of use. The author intends to continue this study 
in the near future. 

In closing, it might be well to state that in this study, there is no 
intention to criticize the design of the various drill-sharpening 
machines used, but rather to criticize the operators of these ma- 
chines. Too often, the operator does not use proper caution 
when setting the drill preparatory to sharpening it. It does ap-- 
pear, however, that one might well raise the question of making 
these machines as near foolproof as possible so that the operator 
cannot go wrong, and must necessarily reproduce time after 
time the point that the machine manufacturers intended should 
be produced on their machines. 
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The Economic Characteristics of Typical 
Business Enterprises 


By WALTER RAUTENSTRAUCH,' NEW YORK, N. Y. 


This paper presents the results of analyses of the re- 
lationship between incomes and expenses of a wide range of 
types of business, over a period of years during which in- 
comes and expenses expanded and contracted greatly. 
The data upon which these analyses were based were taken 
principally from the published financial statements found 
in Moody’s Financial Manual, Poor’s Financial Manual, 
Crandall’s Corporate Analyst, and various government 
publications. 

The results of these analyses indicate that business en- 
terprises may be compared with each other in ways hereto- 
fore impossible and as a result of such comparisons their 
relative economic worths may be judged. 


T HAS been suggested? that the total expenses of every busi- 
ness enterprise tend to vary with income according to the 
general equation 


Total expense = a + bz 


where a = constant total expense, br = variable total expense, 
z = income. 

This paper presents the results of analyses of the relations 
between incomes and expenses of a wide range of types of business, 
over a period of years during which incomes and expenses ex- 
panded and contracted greatly. The technique devised to deter- 
mine the trend of expense with income was as follows: 

A 45-deg line was drawn on a sheet of cross-section paper and 
equal scales were used for both horizontal and vertical measure- 
ments. The incomes for each year were laid off along the base 
to scale, as shown in Fig. 1 at oa, oa’, and oa’, and verticals 
drawn through the points a, a’, a” terminating at the 45-deg 
line at b, b’, and 6”. Thus ab = 0a = income. The correspond- 
ing total expenses were laid off to scale along the appropriate 
verticals as shown at c, c’, and c”. A trend line drawn through 
the points ¢, ec’, and ec” by inspection, determined the relation 
between expense and income. 


1 Professor of Industrial Engineering, Columbia University. 
Mem. A.S.M.E. Mr. Rautenstrauch was graduated from the Uni- 
versity of Missouri in 1902 with the degree of bachelor of science. 
In 1902-1903 he was instructor at the University of Maine where he 
received the M.S. degree, and from 1904 to 1906 he was assistant 
professor at Cornell University. He received the degree of LL.D. 
in 1932 from the University of Missouri. He has occupied his present 
position at Columbia University since 1906, and is also consulting 
engineer to various manufacturing industries. He is a member of 
the National Research Council and numerous societies and is the author 
of a number of books; he has contributed many articles to the tech- 
nical press and is a recognized authority on technology. 

: “The Economic Characteristics of the Manufacturing Industries,” 
by Walter Rautenstrauch, Mechanical Engineering, vol. 54, Novem- 
ber, 1932, p. 759. 

Contributed by the Management Division for presentation at the 
Semi-Annual meeting of Tam American Socrety or MECHANICAL 
Enainegrs, to be held in Detroit, Michigan, May 17 to 21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 W. 39th Street, New York, N. Y. and will be accepted 
until June 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


These studies show that the relationship between expense and 
income for many businesses follows closely the general law sug- 
gested in the earlier paper.* 

Those few companies, for which the relation between income 
and expense is found to be somewhat erratic at times, seem to 
have either adjusted their selling prices drastically or have failed 
to follow a consistent policy of operations during the times when 
these erratic behaviors appear. The data upon which these analy- 
ses are based were taken principally from the published financial 
statements found in Moody’s Financial Manual, Poor’s Financial 
Manual, Crandall’s Corporate Analyst, and various govern- 
ment publications. 
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Fig. 1 


The results of these analyses also indicate that business enter- 
prises may be compared with each other in ways heretofore impos- 
sible and as a result of such comparisons their relative economic 
worths may be judged. Such comparisons are made and dis- 
cussed in the following pages. 


A AvromosILe INDUSTRY 
1 The General Motors Corporation 


The financial reports of this company from 1909 to 1934 
compiled in Poor’s Financial Manual were analyzed and the 
relations between annual incomes and total expenses for the 
period of 25 years were plotted as shown in Fig. 2. There appear 
to be three distinct groups of trends of the total expenses. From 
1909 to 1919 when the company was in its formative period, the 
relation between income and total expense shows no specific 
trend, due perhaps to the fact that new developments and ad- 
ditions brought about varying conditions from year to year. 
The company expanded very rapidly from 1920 to 1928 during 
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which time it began to show a more definite trend of total ex- 
pense to income. In 1929 the company experienced its maximum 
income (approximately $1,500,000,000) and then in common 
with all industries its sales declined to less than 30 per cent of the 
maximum in 1932. Since that date income from sales has in- 
creased each year and in 1934 was over $840,000,000. During 
the period from 1929 to 1935 the trend between income and total 
expense is very definite except for the year 1932 when it appears 
that the total expenses reported were exceptionally low. It is 
interesting to note that not only did the total expenses for the 
years 1930, 1931, and 1932 recede along definite trends, but that 


they are tending to follow the same trends upward as the income 
from sales increases. The present trend of total expense seems 
to follow the expense line shown in Fig. 2. 

The equation of total expense is 


Total annual expense = $105,000,000 + (76.5 per cent 
of net sales) 


Since this chart was constructed and the total-expense line ané 
its equation were determined, the General Motors Corporation 
has issued its financial report for the year 1935. This report 
shows annual net sales of $1,155,641,510 and total expenses o! 
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$988,210,920. The equation of annual total expense gives the 
result $989,065,755 which is less than !/i9 of 1 per cent from the 
actual expense reported. More recently the company reported 
the results of operations for the first quarter of 1936 to be net 
sales of $341,306,065 and total expenses of $288,841,891. The 
equation of annual total expense for this company reduced to a 
quarterly basis is 


Quarterly total expense = $26,250,000 + (76.5 per cent 
of net sales) 


Applying this equation to the net sales reported for the quarter, 
the result is $287,349,000 or approximately 1/; of 1 per cent of 
the total expense reported for the quarter. Apparently this 
company is being operated with surprisingly close control of 
total expense in relation to income and therefore the total ex- 
penses and hence the profit from operations can be closely ap- 
proximated for any annual or quarterly sales income by the use 
of the foregoing equations. 

The equation of annual profit for this company is obviously 
found, from the equation of annual expense, to be 


Annual profit = (23.5 per cent of net sales) — $105,000,000 
The quarterly profit is accordingly 
Quarterly profit = (23.5 per cent of net sales) — $26,250,000 


The annual sales at which the company will break even may be 
found from the equation of annual profit by finding the net sales 
for which the annual profit is equal to zero. Thus the annual 
break-even point of this company is 


Annual break-even point = $447,000,000 


In summary, the economic characteristics of the General Motors 
Corporation are, for the period 1929 to 1935: 


Fixed expense point (annual) = $105,000,000 
(quarter) = 26,250,000 
Variable expense factor = 0.765 


Total expenses (annual) = $105,000,000 + (76.5 per cent of sales) 


(quarter) = 26,250,000 + (76.5 per cent of sales) 
Profits (annual) = (23.5 per cent of sales) — $105,000,000 

(quarter) = (23.5 per cent of sales) -— $ 26,250,000 
Break-even point 

(annual) = $447,000,000 


2 Packard Motor Car Company 


The financial reports of this company as published in Moody’s 
and Poor’s Financial Manuals for the years 1916 to 1934 were 
analyzed and the results charted as shown in Fig. 3. 

The line of total annual expenses in relation to annual income 
was drawn to define the predominant trend. Only six years of 
the total of 19 plotted, fall far outside of the trend; two of which 
are war years (1916-1917) and one (1920) was a year during which 
many companies had comparatively high labor costs. However 
there are probably better explanations of these variations which 
could be found if one had access to the details of the accounts. 
From 1918 to 1934 a period of 17 years, with the exception of 
1933, the trend of annual total expenses is found to be 


Annual total expenses = $13,000,000 + (63.2 per cent of factory 


sales) 
Quarterly total expenses = $3,250,000 + (63.2 per cent of 
factory sales) 


The other general economic characteristics of this company are 
found to be: 


Annual fixed expense point = $13,000,000 


Variable expense factor = 0.632 

Annual profit = (36.8 per cent of factory sales) — 
$13,000,000 

Annual break-even point = $35,300,000 


3 Chrysler Corporation 
The break-even chart of this company is shown in Fig. 4. 
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From 1922 to 1928 the total-expense line is the lower of the two 
shown in the chart, while from 1929 to 1935 the total annual 
expenses follow the trend shown in the upper line. The fixed 
charges of the company were increased materially after 1928 so 
that the break-even point was raised from approximately $40,- 
000,000 to $227,000,000. This increase is due in part to an in- 
crease in administrative and selling expenses in greater propor- 
tion to sales income after 1927, as shown near the bottom of the 
chart. A shift of the trend line of total expense in relation to sales 
income may also be caused by a lowering of prices. Since this 
chart shows always the relation between income and expense, 
a shift in the trend of expense may be brought about by either a 
change in expenses or a change in selling prices, or both. Note for 
example, the incomes and expenses for 1929 and 1934 in which 
the expenses in the two years are approximately equal. If 1934 
prices had been higher by approximately 3'/, per cent then both 
expenses and incomes for 1929 and 1934 would have coincided, 
that is, the expense point for 1934 would have shifted horizontally 
to the right while the income point would have traveled up the 
45-deg incline to coincide with 1929. 

We have not sufficient information on the details of prices and 
expenses of this company to state why the expense line shifted 
for the period 1929 to 1935, above that for the period 1922 to 
1928. The interesting point is that there are these persistent 
straight-line relationships between income and expense for a span 
of years and over a wide range of sales. If the period for 1929 
to 1935 is an indication of present trends, then this company 
appears to have the following economic characteristics 


$25,000,000 
0.89 


Annual fixed expense point 

Variable expense factor 

Equation of annual total 
expense 


$25,000,000 + (89 per cent of net 


sales) 
Equation of annual profit = (0.11 of net sales) — $25,000,000 
Break-even point (annual) = $227,270,000 


After the above analysis was made and during the preparation 
of this text, the New York Times reported July 25, 1936, that the 
sales and net profits of the Chrysler Corporation for the 6-months 
period ending June 30, 1936, were $358,634,899 and $29,473,736, 
respectively. The total expenses for this period are therefore 
$329,161,163. The equation of average total expense for a six- 
months period is 


Avg 6-months total expense = $12,500,000 + (89 per cent of 
net sales) 


According to this equation the probable total expense for this 
period should be $331,685,000, which is $2,520,000 or about 0.76 
per cent greater than the actual expense. Departures from this 
amount are to be expected because of differences in interest and 
other charges from year to year as the following comparative 
statements quoted from the report in the New York Times show 


Income Accounts Compared 
(Consolidated income account for the six months ended on June 30th) 


June 30, 1936 June 30, 1935 


Interest and miscellaneous income. . . 381,884 685,963 
Administrative, engineering, selling, 
advertising, service, and general ex- 
Interest paid and accrued, and (in 
1935) premium of $1,507,525 on 
debentures called, and (in 1933) ad- 
25,739,469 22,881,264 
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Profit before provision for federal, 
state, and foreign income, excess 
profits and undistributed profits 


Provision for federal, state, and 

foreign income, excess profits, and un- 

distributed profits taxes............ 11,579,467 3,528,097 
$29,473,737 $18,659,309 

Depreciation and amortization 

charged to cost of sales and ex- 

penses in amounts of...... asarets $7,583,724 $13,656,520 


4 Reo Motor Car Company 

This company presents an interesting case somewhat different 
from the conditions encountered in the above companies. The 
break-even chart of this company is shown in Fig. 5. The 
general trend of total expense from 1916 to 1928 follows the full 
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line drawn immediately below the 45-deg line of income. The 
expense points are somewhat scattered and four of them 
(for the years 1916, 1923, 1921, and 1929) fall wide of the trend. 
Next below the trend line of total expense we find the broken 
line of “cost of sales” (cost of manufacturing the goods sold). 
This trend of cost of sales is very uniform for the period from 
1924 to 1934. Comparing the trend line of total expense with the 
trend line of cost of sales from 1924 to 1928 we find that as sales 
income increased, the administrative and selling expense in- 
creased at a greater rate, that is, the spread between the two 
lines increased as sales income increased. When sales declined 
in 1929 the cost of sales dropped consistently with income, but 
the administrative and selling expense in relation to income did 
not. In fact, the spread between total expense and cost of sales 
increased between 1927 and 1929 as the chart clearly shows. 
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As sales declined still further in 1930, the company ran into a 
loss. Further declines in sales as shown for 1931 and 1932, while 
accompanied by a drastic reduction of administrative and selling 
expenses, showed substantial losses. The cost of sales trend, 
however, followed the same line which it had in the earlier years. 
As sales increased in 1933 and 1934, still further reductions in 
the general overhead were brought about and losses were reduced, 
but the cost of sales returned along the same trend line which it 
had in earlier years. This company apparently did not have 
control of its total expenses particularly the general overhead, 
which the other companies previously considered appear to have 
had and while its cost-of-sales line showed a uniform relation- 
ship to sales income over a wide range of sales and for a considera- 
ble span of years, its administrative and sales expenses and hence 
the total expenses showed erratic behavior in relation to income. 


5 Consolidated Break-Even Chart of Several Companies 


The annual sales and annual total expenses of several auto- 
mobile manufacturing companies were compiled and the results 
used to construct the break-even chart shown in Fig. 6. The 
companies were General Motors, Packard, Graham-Paige, Yel- 
low Coach and Truck, White Motors, Studebaker, Chrysler, 
Reo, and Hupp. These represent a typical group, outside of the 
Ford Motor Co. This chart shows the following economic char- 
acteristics for the group for the period 1928 to 1934 


$190,000,000 

0.78 

$190,000.000 + (78 per 
cent of sales) 

(22 per cent of sales) — $190,- 
000,000 

$862,000,000 annual sales 


Annual fixed expense point = 

Variable cost factor = 

Equation of annual total = 
expense 

Equation of annual profit 


Break-even point = 


6 Comparison of Economic Characteristics of Several Companies 
P 


The break-even chart shows, among other things, the relation 
of total expense to income over a range of sales. The charts of 
the several automobile companies just examined show that they 
each differ from one another in both fixed and variable expenses 
in relation to income. Since, however, they also differ in produc- 
tive capacity it is not possible to make a direct comparison of 
their break-even charts. In order that this may be done, each 
chart must be set up in terms of per cent of productive capacity 
or on other appropriate bases. The records do not show what the 
productive capacity of each company is and therefore this must 
be approximated by assuming that the maximum capacity is 
represented by the maximum sales. 

Three companies will be compared on this basis: General 
Motors, Chrysler, and Packard. The maximum sales in each case 
were 


General Motors $1,504,400,000 1929 
Packard 107,500,000 1929 
Chrysler 517,000,000 1935 


The ratios of the fixed costs to maximum sales and the variable 
cost factors are 


4 Fixed cost Variable 
r max sales cost factor 
per cent per cent 
General Motors....... ci 76.5 
49.1 63.2 


The comparative break-even charts shown in Fig. 7 were construc- 
ted from these data. This graphic analysis shows that when each 
company is run at maximum capacity, the Chrysler Corporation 
has a profit of 6.2 cents for every dollar of income, the General 
Motors Corporation has 16.5 cents and Packard has 24.7 cents or 
‘pproximately 4 times that of Chrysler and 1'/, times that of 
General Motors. 


It is interesting to note that the Packard 
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Company has the highest fixed costs in proportion to maximum 
income and the lowest variable costs, while the Chrysler Corp. 
which has the lowest ratio of fixed costs to maximum sales has 
the highest variable costs. 

The total assets of these companies at the time of their maxi- 
mum sales were 


General Motors......... $1,324,889,000 in 1929 
78,789,000 in 1929 


Accordingly, in these years General Motors showed a profit of 
approximately 19 cents per dollar of total assets, Packard showed 
33.7 cents and Chrysler 21.2 cents. 


B STEEL 


The economic characteristics of companies operating in this 
industry are illustrated by the records of operation of the largest 
company in the industry, The United States Steel Corp., and one 
of the smaller units, The Granite City Steel Co. 


1 United States Steel Corporation 


The records of gross receipts and total expenses before interest 
charges of this company from its formation in 1902 to 1933 are 
given in Table 1. 


TABLE 1 UNITED STATES STEEL CORPORATION 
Data from Crandall’s Corporation Reports, Oct. 6, 1934 


The Wall Street Journal, Aug. 16, 1933 
(in $1000 units) 
Net income 
Gross Total Net Interest after interest 
Year receipts expense earnings charges charges 
1902 560,510 453,685 106,825 22,034 84,791 
1903 536,573 451,612 84,961 25,637 59,324 
1904 444,405 382,570 61,835 30,091 31,744 
1905 585,332 481,939 103,389 29,767 73,622 
1906 696,757 570,649 126,108 29,401 96,707 
1907 757,015 617,282 139,733 29,353 110,380 
1908 482,308 405,701 76,607 31,264 45,343 
1909 646,382 534,923 111,499 1,504 79,955 
1910 703,961 583,395 128,566 30,630 89,936 
1911 615,149 537,528 77,621 31,145 46,476 
1912 745,506 665,632 79,874 32,569 47,305 
1913 796,894 672,875 124,019 32,518 91,501 
1914 858,415 513,772 44,643 32,322 12,321 
1915 726,684 607,110 119,574 1,783 87,791 
1916 1,231,474 900,524 260,950 31,026 299,924 
1917 1,683,963 1,377,608 306,355 30,126 276,229 
1918 1,744,312 1,548,228 196,084 29,822 166,262 
1919 1,448,558 1,300,886 147,672 29,211 118,461 
1920 1,755,477 1,563,754 191,723 28,514 163,209 
1921 286,7 939,720 47,030 27,745 19,285 
1922 1,092,698 1,032,958 59,740 27,492 32,248 
1923 1,571,414 1,407 ,097 164,317 27,072 137,245 
1924 1,263,711 1,179,905 83,806 26,343 57,463 
1925 1,406,505 1,296,977 109,528 26,006 83,522 
1926 1,508,076 1,365,942 142,134 25,515 116,619 
1927 1,310,393 1,209,903 100,490 24,665 75,825 
1928 1,374,443 1,239,184 135,259 23,788 111,471 
1929 1,493,505 1,298,228 195,277 14,945 180,332 
1930 1,180,935 1,099,455 81,480 5,640 75,840 
1931 729,377 48,885 —19,508 5,470 —24,978 
1932 357,202 416,875 —59,673 5,313 
1933 524,969 550,695 —25,726 5,165 —30,891 


These data are plotted in Fig. 8. This chart shows four distinct 
eras in the expense history of the company. From its founda- 
tion in 1902 to the year 1910, the expenses followed a very regular 
trend in relation to gross receipts. This trend was 


Avg annual total expense = $40,000,000 + (76 per cent of gross 
receipts) 


The corresponding equation of net earnings was 


Avg annual net earnings = (24 per cent of gross receipts) — 
$40,000,000 


The break-even point before interest charges of the business dur- 
ing that era was approximately $166,000,000. The chart shows 
that the break-even point after interest charges was about $300,- 
000,000. The company at that time had a heavy bonded in- 
debtedness. The next era was for the four years of 1911 to 1914, 
the trend line for which is not drawn. Then followed the war 


ne 
| 


214 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
18 
| | 3 3 te 
BREAK-EVEN | CHART 
16 REF: y's FINANCIAL MANVAL S 
TREND ~-192$-1984 | | 5 
443,000,000 81.4%GROSS SALES | | 
13 + — 
| Z 
S | 
ped 
he} 4 + rf 
= 
| 
> 
| FIG.9 
T 
| 
| | 
Wage 
| 
| 
| i | | | | 
Geoss Sares (iw 100 OF DOLLARS ) 


years of 1915 to 1917 during which the company experienced 
the greatest earnings in its history in the years 1916 and 1917. 
During 1918 its total expense in relation to gross receipts became 
greater and initiated the trend of the next era. The fourth era 
included the largest output in the company’s history when in 
1920 its gross receipts were slightly over 1%/, billion dollars. For 
a period of ten years from 1918 to 1927 during which sales fluctu- 
ated widely, the trend of expense was 


Avg annual total expense = $158,000,000 + (80 per cent of 
gross receipts) 
The equation of profit for this era was 


Avg annual net earnings = (20 per cent of gross receipts) — 
$158,000,000 


The company now needed to have annual gross receipts of $790,- 
000,000 to break even before interest charges. A comparison 
between the actual net earnings and those computed by the above 
equations is given in Table 2. It is interesting at this time to 
note that the conditions under which the company was operating 
during this era were such that it broke even at a point where it 
formerly, in this first era, made its maximum profit and that to 
make the same profit it formerly made at $800,000,000, gross 
receipts, it had to have annual gross receipts of approximately 
$1,550,000,000 or nearly twice as much. In view of the fact that 
its invested capital was also much greater, this change in the 
earnings characteristics of the company is very significant. 

In 1928 and 1929 the spread between total expenses and gross 
receipts was increased, but in 1930 and 1931 it approached the 


trend of the post-war era. As sales continued to decline to the 
lowest in the history of the company in 1932 ($357,000,000) and 
then continued to rise in 1933 the expenses in relation to gross re- 
ceipts followed below the earlier trend. 

When the total expenses including interest charges are plotted 
against gross sales we find a series of trends as shown in Fig. 9. 
It will be seen from this chart that the addition of interest charges 


TABLE 2 UNITED STATES STEEL CORPORATION NET- 
EARNINGS TRENDS 


Era Period Years Equation 
First 1902-1910 9 0.242 — $40,000,000 
Symbol Fourth 1918-1927 10 0.20z — 158,000,000 
First era 
Years By equation Actual Difference 
1902 $ 94,522,400 $106,825,000 + 12,302,600 
1903 88,777,520 84,961,000 — 3,816,520 
1904 66,657,200 61,835,000 — 4,822,200 
1905 100,479,680 103,389,000 + 2,909,320 
1906 127,221,680 126,108,000 — 1,113,680 
1907 141,683,600 139,733,000 — 1,950,600 
1908 75,753,920 76,607,000 + 853,080 
1909 115,131,680 111,499,000 — 3,632,680 
1910 128,950,640 128,566,000 — 384,640 
Total 939,178,320 939,523,000 + 44, 
Average 104,351,146 104,391,444 + 38,299 +0.04% 
Fourth era 
1918 190,862,400 196,084,000 + 6,021,600 
1919 131,711,600 147,672,000 + 15,960,400 
1920 193,095,400 191,723,000 — 1,372,400 
1921 39,350,000 47,030,000 + 7,680,000 
1922 60,539,600 59,740,000 — 799,600 
1923 156,282,800 164,317,000 + 8,034,200 
1924 94,742,200 83,806,000 — 10,936,200 
1925 123,301,000 109,528,000 — 13,773,000 
1926 143,615,200 142,134,000 — 1,481,200 
1927 104,078,600 100,490,000 — 3,588,600 
Total 1,237,578,400 1,242,524,000 + 494,560 
Average 123,757,840 124,252,400 + 49,456 +0.4% 
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establishes more distinctive trends. For example, from 1923 
to 1927, the total expenses including interest charges had a trend 
above the 1918 to 1921 showing, with a distinct drop for the 
period 1928 to 1934:in which 1929 is not included. If the com- 
pany should continue its operations along this trend it appears 
that it should have 


Avg annual net income = (18.6 per cent of gross sales)— 
$143,000,000 


In Miutions oF Dongs 


This chart also shows how wages and salaries have varied through- 
out the years. Comparing the trend in wages and salaries for 
the period 1902 to 1909 with that for the period 1921 to 1934, it 
will be observed that wages and salaries account for a large por- 
tion of the difference in trends of total expenses for the periods 
1903 to 1911 and 1928 to 1934. 


2 The Granite City Steel Co. 
This company in terms of maximum output is less than 1 per 
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cent the size of the United States Steel Corp. Its record of in- 
come and expense since 1929 is shown in Fig. 10. This chart 
shows both cost of sales and total expense in relation to net sales. 
The company has shown a profit all during the depression period 
and its trend of expense has been very consistent. This trend is 


Avg annual total expense = $500,000 + (87.5 per cent of net 
sales) 


8 Comparison of U.S. Steel and General Motors Corporations 


These two companies are approximately the same size as meas- 
ured in terms of maximum sales. The maximum gross receipts 
of the United States Steel Corp. in 1920 were 1%/, billion dollars. 
The net sales of the General Motors Corp. in 1929 were 1'/: 
billion dollars. The relative income-expense trends of the two 
companies are compared in Fig. 11. This chart shows the superior 
position of the General Motors Corp. to the United States Steel 
Corp. in terms of earnings per dollar of income, and in the range 
of sales over which earnings are made. The chart does not show 
what is even more significant, and that is, that the United States 
Steel Corp. has approximately one billion dollars more capital 
than General Motors and hence the earnings in terms of invested 
capital are even more favorable to the General Motors Corp. 


C Foop Propvucts 


1 The Borden Company 


The principal business of this company is the collection, process- 
ing and distribution of milk in the city of New York. It also pro- 
duces and distributes ice cream and handles some dairy products. 
From 1919, when its business was slightly less than 125 million 
dollars annual sales, it grew to enjoy a volume of sales of slightly 
less than 350 million dollars in 1930. Since then its sales dropped 
to about 185 millions in 1933 from whence they rose to about 230 
million dollars in 1935. During all these years, while the annual 
business increased and decreased substantially, its cost of sales 
and operating expenses followed a consistent general trend in 
relation to income, as shown in Fig. 12. The company shows a 
very low break-even point, approximately 20 per cent of maximum 
income, although this is before administrative expenses and 
financial charges which data were not available to us. 


2 First Nattonal Stores 


This company conducts a large chain of grocery stores and its 
business has grown from a little more than 10 million dollars sales 
in 1922 to over 110 million dollars in 1935. Throughout this en- 
tire period of time, its total expenses have been maintained at a 
fixed percentage of sales income, approximately 96.25 per cent 
as shown in Fig. 13. This means that for every dollar of sales, 
the company makes a profit of 3°/, cents. This company in 
common with many other chain groceries, seems to have a fixed 
cost point at zero. This does not mean that the company has 
no constant total expenses in its budget, but rather that as the 
company increased its operations, it controlled the increase of 
its rents and other fixed cost items in proportion to the increase 
in income. 


3 General Mills, Inc. 


This company owns and operates flour mills and distributes 
flour over a wide territory. The reports of its operations show costs 
of sales before depreciation, financial charges, and federal taxes 
for the period from 1925 to 1933 to have followed a straight-line 
trend in relation to net sales as shown in Fig. 14. Only in 1926 
was there an appreciable increase in these costs while in 1932 
and 1933 they were somewhat less than the general trend. The 
company has a very narrow spread between these expenses and 
the income and when the other costs are accounted for it probably 
has a very high break-even point. 


4 The Great Atlantic & Pacific Tea Co. 


This company operates one of the largest chains of grocery 
stores in the world. Its total expenses in relation to income, for 
a long period of years and over a wide range of sales, as shown in 
Fig. 15, have been uniformly 97.3 per cent. For every dollar of 
income therefore, the company averages a profit of 2.7 cents. 
This record has been maintained from 1924 when its sales were 
slightly more than 300 million dollars, to 1931 when sales were 
over 1 billion, 60 million dollars. When sales declined in 1932, 
1933, and 1934, its total expenses continued to follow the same 
trend. 


An 
1 Equitable Office Building Corporation 

The business of owning and operating an office building for 
profit is a wholly different affair from the production and mer- 
chandising of manufactured goods or the distribution of groceries, 
yet it also shows very definite trends of expense in relation to 
income. 

The Equitable Office Building Corp. owns and operates one 
of the largest office buildings in the financial district of New York 
City. In this type of business enterprise the constant total costs 
are very high and the variable total costs are comparatively low. 
The record of incomes and expenses for this business for the years 
1924 to 1935 are plotted as shown in Fig. 16 from which it is 
found that the trend of total expense in relation to income is 


Annual total expense = $2,300,000 + (26 per cent of income) 
and the equation of profit is 
Avg annual profit = (74 per cent of income)—$2,300,000 


while the break-even point is 
Annual break-even point = $3,100,000 


EvecrricAaL MANUFACTURERS 


1 The General Electric Company 


This company is one of the largest manufacturers of electrical 
machinery and allied equipment in the world. In 1910 its annual 
sales were approximately 70 million dollars and in 1929 they were 
over 400 million dollars, or nearly six times as great. Since 1929, 
annual sales receded to about 135 million in 1933, from whence 
they rose to 233 million for the year closing June 30, 1936. 
Throughout this whole period of years a wide range of annual 
sales, the company has shown a most remarkable control of total 
expenses in relation to income. This is clearly indicated in Fig. 
17 which shows the relation of total expenses to net sales of this 
company from 1910 to 1932. There appear to be four general 
eras on this chart for two of which, the first and third eras, are 
given the equations of profit trend. The first era is from 1910 
to 1917 during which the trend in total expense was 


Annual total expenses = $3,000,000 + (86.33 per cent of net sales) 


The second era was from 1918 to 1921 for which no trend is 
drawn. The third era was from 1922 to 1927 during which the 
trend of total expenses was 


Annual total expenses = $9,000,000 + (86.7 per cent of net sales) 


The fourth era from 1929 to date shows that during the decline 
in sales from 1929 to 1933, expenses in relation to sales were 
slightly greater than in the third era while sales were rising, but as 
sales began to rise again there seems to be a tendency to follow 
the expense trend of the third era. It seems to be a fair proba- 
bility that with increasing business this company should follow 
the trend of total expenses which it had from 1922 to 1929. 
In this event its break-even point would be approximately 
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$67,600,000 annual sales or about 15 per cent of maximum sales 
of 1929. 

In support of this estimate of probable expense trend, we pre- 
sent the following comparisons of actual total expenses from sales 
for the years closing June 30, 1935 and 1936, and the computed 
expenses 


1935 1936 
12 months billing................ $178,360,497 $233,460,547 
Costs and Tere 165,440,573 210,160,307 
Computed from equation of trend. 163,630,000 211,410,000 
Per cent difference.............. 1.1 0.6 


The total average costs and expenses for the two years is $187,- 
800,000 and that computed for the average sales for the two 
years is $187,520,000 or a difference of 0.17 per cent. 

Since the General Electric Co. derives a large income from other 
sources than from the sale of the products it manufactures, the 


total net income of the company is frequently greater than the 
net income from sales alone. For example, in the year closing 
June 30, 1936, the company reported net income from sales 
amounting to $23,300,240 and other income, less charges of 
$9,594,427, bringing its net income up to $32,894,667. Only the 
net income from sales is compared with the total expense in the 
above analysis. 


2 Westinghouse Electric and Manufacturing Company 


This well-known company manufactures and distributes about 
the same kind of products as the General Electric Company. 
An analysis of its incomes and expenses as reported in Moody’s 
Financial Manuals from 1907 to 1934, and plotted in Fig. 18 
shows three distinct phases in its earnings history. From 1907 
to 1918 its annual sales range from over 20 million dollars in 
1909 to about 96 million in 1918. During this entire period, its 
annual total expenses in relation to annual net sales followed the 
general trend 
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Annual total expense 


and it broke even at annual net sales of $27,000,000. From 1919 
to 1929 its business increased materially and ranged from slightly 
less than 100 million dollars annual net sales in 1922 to about 216 
million in 1929. During this period it altered the relation between 


sales) 


= $6,000,000 + (78 per cent of net 


the annual total expenses to annual net sales, for which the trend 
was 

Annual total expense = $8,000,000 + (87 per cent of net sales) 
Its break-even point was also raised to approximately $61,000, 000. 
It is interesting to observe that whereas its equation of Iprofits 
from 1907 to 1918 was 
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Avg annual profits = (20 per cent of net sales) —-$6,000,000 


after its expansion, its profits from 1919 to 1929 followed the 
general trend 


Avg annual profits = (13 per cent of net sales)—$8,000,000 


Accordingly, should the company have had, for example, annual 
net sales of 100 million dollars during any year between 1907 
and 1918, the probabilities are that it would have had a profit of 
approximately (20 per cent of $100,000,000)—$6,000,000 or 
$14,000,000. After its expansion, however, if it were to have an 
annual profit of $14,000,000 it would have had to have annual 
sales of 


$14,000,000 = (13 per cent of net sales) — $8,000,000, or 
approximately $170,000,000 


Thus the company after its sales expanded, found that its margin 
of profit had narrowed and that it had to do about 70 per cent 
more business than its previous maximum capacity to make the 
same annual profit as before. 


F RESTAURANTS 


1 Waldorf System, Inc. 


This company operates a chain of restaurants. In 1919 its 
annual sales were over 5'/, million dollars and 10 years later it 
did an annual business of over 16 million dollars, thus increasing 
its output over three times. From 1919 to 1931 its cost of sales 
followed a very consistent trend in relation to income as shown in 
Fig. 19. The annual cost of sales during these years was 87 per 
cent of the income from sales. Beginning with 1932 however, it 
departed materially from this trend. In fact, the new trend may 
be associated with the years 1929 to 1934. It is not always ap- 
parent in cases like this where two trends merge, just where the 
new trend begins in time. It is obvious however, that as the 
business declined during the depression, the company did not 
adjust its cost of sales to income. 


2 Childs Company 


This famous chain of restaurants is approximately twice as 
large as the Waldorf System, measured in terms of the maximum 
income received in 1929, but its income declined more rapidly 
during the depression, from 30 million dollars in 1929 to about 
16'/, million in 1933, a drop of 45 per cent, while the Waldorf 
System dropped only 22.5 per cent. 

The relation of cost of sales and general expense, excluding 
depreciation, to total sales, for this company, is shown in Fig. 20. 
From 1920 to 1927 the trend of these expenses was 


Annual expenses = $500,000 + (86 per cent of total sales) 


During the depression when sales declined it followed a new trend 
of 


Annual expenses = $1,000,000 + (89 per cent of total sales) 


Thus it increased its annual fixed costs by $500,000 and its vari- 
able expenses by 3 per cent. 


G DeEpartTMENT STorRES 


There are two general types of department stores considered in 
this survey. The one type, represented by the May Department 
Stores Company does a standard retail business, and the other 
type represented by Montgomery Ward & Company, Inc. does 
both a mail-order and standard retail business, although the 
establishment of its retail stores is of recent origin; the company 
originally doing a mail-order business exclusively. 


! May Department Stores Company 


The relation between income and total expense for this com- 
pany from 1913 to 1934 is shown in Fig. 21. From 1913 to 1929 
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the annual net sales of this company grew from approximately 
25 million dollars to over 111 million dollars. During this entire 
period of 17 years it maintained average total expenses at approxi- 
mately 93.5 per cent of net sales, although in 1928 and 1929 
its expenses exceeded this proportion. In fact, from 1928 to 1934 
it shows a distinctly new trend of 


Avg annual total expenses = $5,000,000 + (91 per cent of net 
sales) 
2 Montgomery Ward & Company, Inc. 

This company experienced a very rapid growth in business 
from 1912 to 1929 as shown in Fig. 22. Its sales in 1912 were 
less than 10 million dollars, but in 1929 they reached over 266 
million dollars. Its total expenses during this period of growth 
followed closely the trend of 95 per cent of net sales. When sales 
began to decline in 1930, 1931, and 1932, the company apparently 
did not adjust its expenses to meet the declining sales income and 
consequently suffered losses in these years. In 1933 however, 
it began to make the necessary adjustments in its expenses so 
that by 1934 its expenses approached appreciably the old 
trend. The behavior of the expense line in relation to income 
shown by this company is typical of those of many businesses 
during the depression. It may be caused by a reduction in the 
unit selling price of the merchandise, or the failure to reduce ex- 
penses as sales decline, or to both situations. 


3 R.H. Macy & Company, Inc. 


This company operates one of the largest stores in New York 
City. The record of its total expenses to total sales shown in 
Fig. 23 indicates that from 1921 when sales were approximately 
46!/2 million dollars, to 1929 when they were about 136 million, 
the trend of expense was 


Avg annual total expense = $2,500,000 + (90 per cent of total 
sales) 


The greatest departure from this trend was in 1929 in which year 
the company began to experience a decline in its profit margin. 
From 1930 to 1934 during a period of sales decline with a slight 
rebound in 1934, a new trend in expense appears, which is 


Avg annual total expense = $13,000,000 + (86.3 per cent of total 
sales) 


If this trend is characteristic of the company’s future operations, 
it appears that it must now do an annual business of about 95 
million dollars to break even. 


BusINESsEs 
1 Congress Cigar Company, Inc. 


The earnings history of this business for the period 1922 to 
1934 is shown in Fig. 24. Doing a business of more than 7 million 
dollars a year in 1922 the company in three years increased 
its annual sales to 17 million dollars. During this period, total 
expenses were maintained at a uniform rate with sales. With 
slight increases in sales in 1926 and 1927 the company decreased 
expenses and when sales took a downward trend in 1928, the 
company materially improved its margin of profit. In 1933 and 
1934 sales dropped to almost 3'/, million dollars annually. Dur- 
ing the entire period of decline the total expenses were controlled 
to follow the trend 


Avg annual total expenses = $850,000 + (78.3 per cent of net 
sales) 


The greater spread between tctal expenses and net sales during 
the depression period shown by this company is in sharp contrast 
to the experiences of many other businesses during the same 
period, as for example, the case which follows. 
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2 National Cash Register Co. 

As indicated in Fig. 25, this company shows two distinct trends 
of total expense to gross sales since 1921. Beginning with that 
year and extending to 1929 during which period its sales increased 
from less than 27 million dollars per year to over 48 million per 
year, it maintained an expense trend of 


Avg annual total expense = $4,000,000 + (78.33 per cent of 
gross sales) 


In 1930 its sales dropped 21 per cent from the 1929 peak and its 
expense also followed a new trend for the four-year period 1930 
to 1933. This trend was 


Avg annual total expense = $6,600,000 + (78 per cent of gross 
sales) 


In 1931 however, the annual total expenses dropped below this 
trend, and again in 1934. Since this chart was constructed, the 
company reported its sales and net profits for the 12-month 
periods closing June 30, 1935 and 1936, in the New York Times of 
July 24, 1936. This report shows 


1935 1936 
Sales $31,351,807 $38,554,471 
Net profit 810,597 1,981,509 
Total expenses 30,541,210 36,572,962 


According to the foregoing equation, the average annual total 
expense for the years should be for 1935, $31,150,000; and 
1936, $36,600,000. It appears therefore, that the company is 
following closely the trend of total expense which was predicted 
in 1934. 


8 International Shoe Co. 


The reports of this company from 1921 to 1934 for annual 
total operating expenses in relation to annual net sales are re- 
corded in Fig. 26. As this chart shows, the trend of expense is 
quite uniform for the entire period under review with only the 
expenses for the years 1923, 1927, 1930, and 1933 materially out 
of line. The general trend is 


Avg annual operating expense = $5,000,000 + (84.5 per cent of 
net sales) 


The company has a very low break-even point, approximately 
at $32,000,000 annual net sales, which is about 40 per cent of its 
1929 output. 


4 McCall Corporation 


This company shows a rather unorganized relationship of total 
expense to operating revenue for the years 1913 to 1918 when its 
annual operating revenue fluctuated between 2 and 2'/, million 
dollars. As indicated in Fig. 27, with a rapid expansion of sales 
after 1918, there was a more definite trend of expense for the next 
four years when operating revenue rose to less than 7 million dol- 
lars for the year 1922. As income continued to rise from less than 
8 million dollars in 1923 to over 14!/2 million in 1930, there was 
developed a new and more uniform trend in expenses which also 
held during the decline in income to less than 10 million dollars 
in 1933 and its subsequent rise to over 11 million dollars in 1934. 
This trend of total expense which has persisted for 12 years is 


Avg annual total expense = $1,650,000 + (74.3 per cent of operat- 
ing revenue) 


This company may therefore be expected to break even at an 
annual operating revenue of about 64 million dollars which is 
approximately 44 per cent of the 1930 revenue. 
& The Electric Storage Battery Company 

This company shows a rather interesting series of developments 
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as shown in Fig. 28. From 1908 to 1918 the company did a com- 
paratively small volume of business. In 1919 its income in- 
creased about 25 per cent over 1918, but its expenses increased 
about 4'/. times. From 1919 to 1925 the company more than 
doubled its sales and followed a new expense trend. Accordingly, 
as the chart shows, when it had net sales of 10 million dollars in 
1921 it made only about the same profit as it did in 1918 when its 
sales were less than half this amount. In 1926 the company’s 
sales increased to about 54 million dollars compared to approxi- 
mately 14 million in 1925, but its profits were only about 75 
per cent of those in 1925. Its total assets however, did not 
increase being approximately 44!/, million dollars in both years, 
therefore there was not occasion for higher fixed costs due to 
investments in plant and equipment. This was the peak in sales 
for this company. They dropped in 1927, regained slightly in 
1928 and 1929, and then declined to less than 17 million dollars in 
1932 and 1933. The trend of total expenses for the period 1926 
to 1934 is 


Avg annual total expense = $2,000,000 + (84 per cent of net 
sales) 


On the basis of this trend the company breaks even at annual 
net sales of $12,500,000. It is interesting to note that for the 
four years 1920, 1922, 1923, and 1924, the company’s sales were 
approximately this amount each year and at that time the profits 
were about 6 million dollars each year. 


6 Air Reduction Company, Inc. 


For the period 1926 to 1934 the total expenses of this company 
followed a very definite and uniform trend in relation to gross 
income from sales. As shown in Fig. 29 this trend is 


Avg annual total expense = $2,450,000 + (63.6 per cent gross 
income) 


According to this trend the company should break even at about 
$6,750,000. 


7? Lehigh Portland Cement Company 


This company did its maximum business in 1926 when its 
sales were over 30 million dollars. Since then, in common with 
other companies in the same industry, its sales fell rapidly. In 
1932 they were only 21 per cent of what they were in 1926. How- 
ever in this entire period, its expenses followed a generally uni- 
form relation to income, as shown in Fig. 30. This chart shows 
not only the trend of total expense, with sales, but also the 
manufacturing expense and selling expense. It is not at all un- 
likely that this company will follow the expense trends shown on 
the chart as its sales increase in time. In that event, the trend 


of expenses will be 

Avg annual total expense = $2,800,000 + (75 per cent of 
net sales) 

Avg annual manufacturing expense = $600,000 + (55 per cent of 
net sales) 

Avg annual selling expense = $900,000 + (11.5 per cent of 
net sales) 


Its break-even point should be at about $11,200,000 annual net 
sales. 


I Tae 


This group of industries differs from the manufacturing and 
merchandising businesses in many important particulars, and 
yet all show the same type of relationship between total expense? 
and income. 


1 Detroit City Gas Company 


The records of income and expense of this company from 192! 
to 1934 are plotted in Fig. 31. This chart shows 
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Avg annual operating expense = $2,000,000 + (62.6 per cent of 
operating revenue), and 

= $2,650,000 + (59.25 per cent of 
operating revenue), from which 
we find 

= (40.75 per cent of operating 
revenue) —$2,650,000 

From 1924 to 1933 the total assets of this company have in- 

creased from 40 million dollars to 72 million dollars. Accordingly 

while the net earnings in 1924 and in 1933 follow the same trend 

line as indicated in the chart, that is, the profit per dollar of operat- 

ing revenue follows the same general relationship in 1933 as in 

1924, in terms of invested capital, the company was in a less 

favorable position in 1933 than in 1924. 


Avg annual total expense 


Avg annual net earnings 


2 Public Service Company of Northern Illinois 


The operations of this company in terms of income and ex- 


pense from 1911 to 1934 are recorded in Fig. 32. Both total 
operating expenses and total expenses including capital charges 
are shown in relation to operating revenue. From 1911 to 1922 
while the company’s annual revenue increased from about 
$3,000,000 to almost $14,000,000 the increase in expenses with 
revenue was quite uniform. Operating expenses continued their 
trend in 1923-1924 but capital charges in 1923 were reduced 
while in 1924 they appeared again in the same trend. From 1925 
to 1930 the company’s annual revenue increased from over 20 
million dollars to over 36 million dollars and both operating ex- 
penses and total expenses followed new trends. The spread be- 
tween revenue and expenses increased during this period. From 
1931 to 1934 revenue declined and while operating expenses de- 
clined along the trend line for the year 1931 total expenses rose 
sharply after which both operating and total expenses continued 
to increase without much change in revenue. In 1929 the total 


: 
it 
ts | 
th 
ni- 
: 
he | 
in- 
on 
nd 
t of 
of | 
t of 
and | | 
and 
mses 


224 


assets of the company were 190 million dollars while in 1933 they 
were over 227 million. 


8 Duquesne Light Company 

The records of this company plotted in Fig. 33 show how a 
company may alter its economic characteristics in time. From 
1914 to 1920 both operating expense and total expense follow 
fairly consistent trends with respect to gross revenues. After 
1920 and up to 1926, the company increased its business but with 
a much greater spread between revenue and expenses. We have 
no history of operations of this company but since it is not likely 
that an increase in rates is responsible for this change the proba- 
bilities are that it brought about marked economies in operating 
conditions. After 1926 and up to and including 1929 the company 
effected a very marked reduction in operating expenses and con- 
tinued these reductions during 1931 to 1933 while gross revenues 
declined. The fact that operating expenses increased ma- 
terially in 1934 over the record of 1931-1933 can only be explained 
by an examination of the details of operating expense which are 
not available. 

H ts InpvustRIEs 

1 Men’s Clothing 

The production of this industry from 1904 to 1933 is shown in 
Fig. 34. It is interesting to observe that production in terms of 
dollars reached its peak in this industry in 1923 since when it has 
declined to almost !/; of its maximum value. In this entire period 
of 30 years the average annual costs are 

Wages and salaries = 24 per cent value of product 
Materials = 50 per cent value of product 

2 Clay Products 

This industry also produced its maximum value of products in 
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1923 since when it declined in 1933 to about one ninth of its 
maximum. From 1929 to 1933 materials cost in relation to value 
of product has followed the general trend. 


Average annual material cost = 30 per cent of value of product 
and the trend in total remuneration has been, for 1889 to 1929 
Average annual remuneration = 46 per cent of value of product 


From 1929 to 1931 it fell to 43 per cent while in 1933 it fell to 
about 36 per cent. The records of this industry are shown in 
Fig. 35. 


8 Pulp and Paper Manufacture 


In terms of value of products this industry has had a remark- 
able growth since 1917, as shown in Fig. 36. As a distributor of 
wages and salaries it does not rank high, the general trend being 


Average annual remuneration = 19 per cent of value of products 


The reason for.the low relative remuneration appears in the high 
cost of materials which is 


Average annual materials cost’= 61 per cent value of product 
4 Manufactures in Continental_United States 


E The value of the products manufactured in the United States 
together with materials, wage, and salary costs from 1899 to 
1933 are shown in Fig. 37. Before 1929 the cost of materials 
averaged 58 per cent of the value of the products. From 1929 
to 1933 the annual value of products fell from over 70 billion 
dollars to over 31 billion and the average cost of materials was 
53 per cent during that period. With the exception of 1921, the 
average wage plus salaries was close to 22 per cent of the value of 
the products, both before and during the depression. 
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Modern Locomotive and Axle-Testing 
Equipment 


By T. V. BUCKWALTER,' O. J. HORGER,? ano W. C. SANDERS,* CANTON, OHIO 


This paper shows how improvements have been made 
in the running and driving gear of existing and new steam 
locomotives to permit their operation at much higher 
speeds than is the usual practice today in both freight 
and passenger service. Means of obtaining these improve- 
ments are described whereby (@) the reciprocating parts 
are reduced in weight up to 1072 lb or 52 per cent, (0) the 
rotating parts on the main driving wheel are also reduced 
in weight up to 300 lb or 19 per cent, and (C) roller bearings 
are used on all axles and crankpins. As a result of such 
improvements, the dynamic augment on the rail and 
shaking forces on the locomotive and track structure at a 
given speed are reduced. The extent of this reduction is 
such that a speed increase of at least 35 mph above the 
diameter speed may be permitted without increasing the 


Hicu-SpeeD OPERATION OF STEAM LOCOMOTIVES 


HE STEAM locomotive represents the lowest first cost per 
{i of motive-power units, and this fact in addition 

to its reliability and versatility of power has made difficult 
its displacement by other forms of motive power. Lately, how- 
ever, competition is requiring design modifications which are not 
in general use today if the steam locomotive is to meet the 
operating requirements at the ever-increasing high speeds in 
both freight and passenger service. 

This paper discusses the development and research problems 
involved in such design modifications, and deals with the me- 
chanical equipment of the steam locomotive. The general ob- 
jects of such improvements for high-speed operation are to ob- 
tain (a) reduced dynamic augment on the rails due to rotating 
and reciprocating parts so that it will not be detrimental to the 
existing track structure; (b) improved movement of the loeomo- 
tive over the track by reducing nosing and fore-and-aft vibra- 
tions, thereby reducing the forces and maintenance costs on 
locomotive parts and track structure; (c) increased availability; 
(d) reduced operating maintenance cost; (e) greater acceleration; 
(f) increased speeds; and (g) increased tractive effort. 


1 Vice-President, Timken Roller Bearing Company. Mem. 
A.S.M.E. Mr. Buckwalter entered the employ of the Pennsyl- 
vania Railroad at the Altoona Works in 1900, and after six years 
of shop experience transferred to the motive-power engineering de- 
partment, continuing work on automotive-engineering matters 
until 1916. He developed electric baggage, mail, and express trucks 
generally used at railway terminals throughout the world. He was 
chief engineer of the Timken Roller Bearing Company from 1916 
to 1922, and has been vice-president since 1923. 

* Research Engineer, Timken Roller Bearing Company. Dr. 
Horger was graduated with a B.S. degree from the Carnegie Institute 
of Technology in 1923. Since October, 1923, he has been employed 
vy the Timken Roller Bearing Co. During this time he spent three 
years in graduate study and research work at the University of 
Michigan under Prof. S. Timoshenko and received his M.S.E. de- 
gree in 1934 and Sc.D. degree in 1935. He is now in charge of applied 
mechanics research. 

_ *General Manager, Timken Railway Division, Timken Roller 
Searing Company. Mem. A.S.M.E. Colonel Sanders entered rail- 
tad work in 1908 as machinist’s apprentice, Central of Georgia Rail- 
vay, Cedartown, Georgia, and later attended Mercer University. 
Se was employed as machinist in the Central of Georgia Railway 
ops, Macon, Georgia, and Atlantic Coast Line Railroad shops, 
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dynamic augment on the rails above its original value. 

A program and facilities are described for the fatigue 
testing of full-size driver-axle assemblies with wheel-seat 
diameters of 11'/: in. Preliminary results indicate that 
valuable contributions will be forthcoming as to the in- 
fluence of various designs, steels, and heat-treatments 
upon the axle fatigue strength. 

The factors of unsprung weight and axle rigidity are not 
now considered in calculations of axle stresses. These 
factors influence the impact stresses in axles at prevailing 
high speeds and, to minimize the detrimental effect of 
such stresses, it is recommended that greater flexibility 
be designed in the axle by decreasing the present ratio of 
the axle diameter in the portion between the wheels to the 
diameter of the wheel seat. 


The Timken Roller Bearing Company has been dealing for 
years with the problems of obtaining these desired improve- 
ments in operating characteristics. Cooperation of various rail- 
roads in this development work has resulted in modifications in 
locomotive design incorporating the application of (a) light- 
weight reciprocating parts, including the piston, piston rod, and 
crosshead assembly; (6) lightweight main and side rods; (ec) 
roller-bearing crosshead pins, main pins, side pins; (d) roller- 
bearing-equipped driver, trailer, engine- and tender-truck axles. 

The beneficial results effected in locomotive operation through 
the application of Timken bearings to all axles are generally 
recognized. This is apparent from the fact that very few locomo- 
tives are being built or rebuilt which are not roller-bearing-equip- 
ped, so little will be mentioned here of item (d). We will therefore 
confine our discussion to the application of items (a), (6), and (¢). 
At the time of this writing, two main-line high-speed steam pas- 
senger locomotives have been in road service for some time with 
Timken lightweight revolving and reciprocating parts, including 
Timken-bearing-equipped crankpins and wrist pins. Service 
results have justified the extension of these applications to 53 


Waycross, Ga., and then in the mechanical engineer’s office, A.C.L. 
R.R., Wilmington, N.C. He served in France with the heavy artil- 
lery and Corps of Engineers and was graduated from the French 
Tractor Artillery School. Returning from France, he took a position 
with the equipment engineering department, New York Central 
Railroad. In May, 1923, he became associated with the Timken Rol- 
ler Bearing Company as engineer of railway equipment in connection 
with development of Timken railway bearings. In 1931, Colonel 
Sanders was commended by the Assistant Secretary of War for his 
work on a general transportation plan for the War Department. Now 
Lieutenant-Colonel, U. S. Army Reserve Corps, assigned to the staff 
of the Assistant Secretary of War. He is the author of American 
articles on “Ball, Roller, and Sliding Bearings” and ‘Railway Rolling 
Stock” in the fourteenth edition of the Encyclopaedia Britannica. 

Contributed by the Railroad Division for presentation at the Semi- 
Annual Meeting of Tas American Society or MECHANICAL ENGI- 
NEERS, to be held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until June 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Fic. 1 Tue Timken Rop Appriication oN New York CENTRAL HiGH-SpEED STREAMLINED PASSENGER LOCOMOTIVE 
(The crosshead and all crankpins of this locomotive were cqulenet with Timken bearings in 1935, and the side rods, main rods, crosshead, piston rods, and 


pistons are made to Timken design and of Timken steel. 


he use of Timken bearings and Timken high-dynamic steel in this design made possible a 52 per 


cent reduction of reciprocating weights, and a 22 per cent reduction of weight on the main om The engine-truck, and all driving and tender-truck axles have 


been equipped with Timken bearings since the locomotive was built in 1931. T 


is locomotive is hauling the Twentieth Century Limited.) 
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Fic. 2 TimKEeN LiGHTWEIGHT STEEL Driving AND RunNING FoR A 4-6-4 Hiau-Speep PasseNcER LOCoMOTIVE 


additional locomotives now being built for various railroads, as 
indicated in Table 1 wherein locomotive specifications and road 
mileages are given. The influence and importance of such de- 
sign changes on locomotive operation will now be discussed. 


LIGHTWEIGHT RECIPROCATING AND RotatinG Parts 


Importance of Lightweight Parts. The dynamic augment or 
hammer blow on the rail resulting from underbalance or over- 
balance of rotating parts increases with the square of the speed 
so that in going from 70 mph to 100 mph, a speed increase of 41 
per cent, twice the dynamic augment is produced. Considering 
that there are certain limiting combined static and dynamic rail 
loads permissible on the track structure, the present motive 
power, with high static axle loading, does not permit doubling 


the dynamic augment. At diameter speed, the combined rail 
load is already about the permissible value. 

In addition to the objectionable large dynamic augment de- 
veloped at high speeds, other difficulties arise which are evi- 
denced by increased nosing, swaying, and fore-and-aft oscillations 
of the locomotive. Vibrations of these types prevent smooth 
operation and lead to increased maintenance costs for both the 
track structure and the locomotive itself. The forces causing 
these vibrations are again proportional to the square of the 
speed. 

Driving wheels on freight engines are frequently even too small 
to fully balance the rotating parts, so that the reciprocating 
weights remain entirely unbalanced. A large underbalance will 
result in excessive dynamic augment since every pound of un- 
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balanced rotating parts represents a rail blow of about 50 lb at 
diameter speed. In addition to this deleterious effect of large 
dynamic augment, this unbalance gives rise to horizontal forces 
which must be transmitted through the locomotive members 
and track structure. The maximum horizontal force on the 
locomotive frame, axle, and other parts is that due to the un- 
balanced rotating parts just mentioned plus that from the un- 
balanced reciprocating parts. This maximum force is about 70 
lb for every pound of reciprocating and unbalanced rotating parts. 
If this force is allowed to become excessive at high speeds, addi- 
tional strength in locomotive members will be required. Further- 
more, these unbalanced weights result in forces producing nosing 
and fore-and-aft vibrations of the locomotive, although the long 
and heavy wheel base may tend to reduce the nosing. 

The driving wheels on passenger locomotives are large enough 
to be properly balanced for all rotating weights and an ample 
percentage of the reciprocating parts. If a small percentage of 
the reciprocating parts are balanced, to favor a low dynamic 
augment, then the horizontal forces on the locomotive frame and 
running gear as well as vibrations from nosing and fore-and-aft 
movements would be excessive, although the use of the two-axle 
trailer trucks may improve the nosing condition. Thus, we 
come to the conclusion that counterbalancing offers no complete 
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COMPARISON OF ROD WEIGHTS, LBS. 
SIDE RODS MAIN ROD 
PLAIN BRG.| TIMKEN PLAIN BRG. TIMKEN 

WT. ON MAIN PIN 556 338 58) 319 
WT. ON FRONT PIN| 190 150 

WT. ON REAR PIN 176 1s0 

WT. ON X-HEAD 4 210 
TOTAL e22 636 1003 529 


Fic. 3 Comparison oF TIMKEN LIGHTWEIGHT Rop DesIGN AND 
Decreasep Eccentricity oF LoapING WiTH PLAIN-BEARING Rops 
FOR A 4—6-4 HiGH-Speep PassENGER LOCOMOTIVE 


solution to the problem since it is merely a compromise be- 
tween balancing for the vertical and horizontal forces. 

All this means that higher speeds will require either a reduction 
in the weight of the reciprocating and rotating parts, or improved 
and strengthened locomotive and track structure. Obviously, 
the former is the logical and economical procedure to follow, and 
such was the basis for the development of the Timken lightweight 
design. Weight reductions in reciprocating parts of 1072 lb per 
side and up to 52 per cent of the conventional designs have been 
made as shown in Table 1. The very favorable dynamic aug- 
ment curves for the lightweight application in comparison with 
those for the heavy design it replaced are given in Fig. 6 for 


the axles of main driving wheels of locomotives given in Table 1. 
The curves show in general that it is possible by the reduction in 
weight to increase the diameter speed of steam locomotives by 
about 35 mph without change in dynamic augment. Curves 
similar to those of Fig. 6 could also be drawn to show the greatly 
decreased horizontal forces acting to cause vibrations and to stress 
the locomotive frame, axle, and other members. Means of ob- 
taining this marked reduction in weights will now be discussed. 


PLAIN BEARING ASSEMBLY 


Fic. 4 Comparison or TIMKEN Design CoNvVENTIONAL 
DesiGn or Parts For A 4-6-4 HiguH-Speep PassEen- 
GER LOCOMOTIVE 


CompaRaTIVE REcIPROCATING WEIGHTS 


Weight of Weight of 
plain-bearing Timken steel 

Part parts, lb parts, lb 
Crosshead assembly .......... 754 367 
Piston, piston rod, and parts.... 765 350 
Front end of main rod........ 422 210 
Union link and bushing....... 30 17 
Per cent.. saat 100 48 


Description of Design. The general arrangement of the ap- 
plication of lightweight revolving and reciprocating parts is 
shown diagrammatically in Fig. 2. Its application on a modern 
high-speed passenger locomotive is shown in Fig. 1. As a 
general comment it should be noted that the shape of all the 
parts deviate considerably from conventional design and are 
determined by the proper distribution of metal to give maximum 
strength with minimum weight so far as this is consistent with 
good forging and machining practice. The general details of 
the application are apparent from the illustrations, but several 
of the salient features required to accomplish this purpose will be 
enumerated. 

The eye ends of the rods are deep and narrow-width I-sections 
which efficiently give considerable rigidity and low bending 
stresses. This feature is to be contrasted with the usual wide 
and heavy rectangular section required to obtain the customary 
low plain-bearing pressures, which contribute to large bending 
stresses in the column section due to eccentric loading possible 
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into the rod eye and crowned on the surface floating over the 
outer bearing race. The column portion of the rods is an I- 
section, and, to carry the column and centrifugal stresses eco- 
nomically it is tapered from a center straight portion to a width 
of about six tenths as great at the ends. The usual knuckle-pin 
joints in side rods and the usual oil and grease holes through the 
rod eye, which introduce high local stresses and are the cause of 
many rod failures, have been eliminated. The rear side rod is 
located in a plane outside the main rod as a means of reducing 
the bending stresses and bearing load on the main crankpin. 


Ones, wey me The crankpins are made of thin-walled and tapered tubular 
Mole | | | sections. The crankpin bearings are of the usual Timken 
2a 64.5-61.5-64.0| 123,500 | 138,500 | 21.5 | 59.7 | 285 | 265 tapered design and are fitted directly to the crankpins. The 
18 64.5-64.0-66.5| 123,000 | 138,500 | 22.5 | 61 eas | 293 crosshead pin also functions as the inner race of the bearing. 
3 $3.0-54.5 124,500 | 140,500 | 19.5 | 55.5 | 285 | 293 
4 60.5-53.5 119,500 | 136,500 | 20.5 | 58.3 | 285 | 285 | I 
55.0-56.0-55.0| 123,100 | 138,600 | 20.5 | 59.7 | 285 | 293 t 
| S-4 PLAIN ly 
$8.5-57.0-68.0| 124,000 | 138,000 | 20.0 | 58.3 | 285 | 293 | t 
7 §7.0-58.0-55.5} 127,000 | 140,000 | 21.0 | 59.8 | 285 | 293 so} —} - fe 
€ 56.5-57.0-54.0| 127,500 | 140,000 | 20.0 | 67.3 | 285 | 293 }—! | > zs it 
9 46.0-47.5-46.5| 126,000 | 140,000 | 19.5 | 52.8 | 285 | 293 | x 01 
10 44.5-46.5-51.5| 127,000 | 142,000 | 20.0 | s6.5 | 285 | 293 2 m 
u 58.5-59.5-57.5| 127,500 | 140,000 | 20.0 | 56.2 285 285 3 | | if th 
+ - - - + + 
12 55.5-55.5 126,000 | 140,500 | 21.0 | 59.1 | 285 | 293 i 3 a y/| fr 
13 62.5-64.0-63.5| 122,500 | 139,000 | 21.0 | 61.3 285 293 z | | | | [7 v7 80 
| 
01 < Y- an 
Fie. 5 Unirormiry or Puysican Propertizs or SPECIMENS WALA (a) 
Se.ecrep at Various Positions In Dig-Forcep Rop oF + 
TimKEN Hies-Dynamic STEEL ! me 
sis 
over the wide ends, as indicated by a consideration of Fig. 3. Bi Oh; THB a Se the 
The column stresses due to eccentric loading are reduced to a . —— the 
very low value because the narrow width of the rod ends and = yg. 6 =Dynamic-AvomentT Curves FoR Marin Drivers or Loco- drit 
their simple knuckling action on the outer race of the bearing MOTIVES whe 
permi i eccentrici i i i lace (These curves show the reduced dynamic augment obtained by using Timken 
away little yes - This knuckling action takes P roller-bearing rotating and reciprocating parts rather than plain-bearing of a 
on rolled-strip phosphor-bronze bushing p parts. 
*/,,in-thick rolled-strip phosphor-b bushing pressed to.) 
pist 
TABLE 1 COMPARISON OF WEIGHTS OF REVOLVING AND RECIPROCATING PARTS, DYNAMIC AUGMENT ON RAIL, AND 
MAXIMUM HORIZONTAL FORCE ON LOCOMOTIVE FOR PLAIN-BEARING AND TIMKEN-BEARING-EQUIPPED LOCOMOTIVES re 
RAILROAD | NO.OF | CYL. SIZE KIND | REVOLVING WT. ON PIN, LBS.] RECIPROCATING WT. PER | DYNAMIC AUGMENT ON RAIL AT | MAXIMUM HORIZONTAL FORCE (#) per ¢ 
TYPE LOCOS.| BOILER PRESS.| OF INCLUDING CRANK PIN WT SIDE OF LOCOMOTIVE MAIN WHEEL IN 1000 LBS. FOR | ON LOCO. nd a a 
CLASS DIA. DRIVERS | BRG TOTAL WTITOTAL® LNGAL- ING 1.60 
© BALANC-|WT. BAL ANCED treat 
Les. ON | 60 | 80 wo | 120 | | 80 | Wo | 12 
BACK] INT. | MAIN |F TOTAL MAIN MPH MPH MPH MPH MPH MPH MPH MPH or oil 
RRA ' 27°x 28° PLAIN 301 1435 | 265 | 2021 | 1473 a4 sa2 615 7.2 12.6 20.1 26.9 22.0 39.1 61.0 67.9 given 
4-6-2 @ 205 RSI. | TIMKEN] 417 1195 | 321 |1933 | 977 | 175 | 526 | see | 4.3 | 77 | 120] 173 | 166 | 205 | 461 | 664 Th 
K-4-S 80° +39 -17 | #13] -4 -34 -25 | -40 -40 -40 -40 -25 | -25 -25 Table 
233"x28" [PLAIN | 296 1579 | 320 | 2197 | 1971 | wor | | 5.2 | 92 | 4] 207 | 453 | 807 | 1260 |1814 
4-6-4 ®) 250 PSI. | TIMKEN] 44! 1279 | 362 |2082| 944 | 101 | 371 | 505 | 25 | 44 6e | 06 | 21.8] 36.7 | 605 | 672 
79" % DIFF.| +48 -9 | +3 | -5 | -s2 | -52 | -s2 | -s2 | -52 | -52 | -52 | | -52 
50 |PLain | (9) 
4-6-4 © 300 OR 275 | TIMKEN] 441 1279 | 362 |2082| 948 | 101 | 321 | soe | 25 | 44 | 6@ | O90 | 218 | 307 | GOS | 872 Pe , 
J-1-F 79” % OIF. 
UR 28x28 | @) 510 | 2221666 | 505 | a: | | 254] 365 | 104 | 346 | S41 | 778 ductili 
4-6-2 © 220 RS. | TIMKEN| 479 1204 | 303 | 26 | 1019 | 11.2 | 336 | 677 | 3.1 | 55 es | 12.4 | 261 | 46.4 | 72.4 | 1044 able in 
P-13 17 DIFF. -32 +34 | -66 | -06 | -66 | -66 | #34 | #34 | 434 | +34 mum 
ur 29"x2e" =| PLAIN | (9) 2012 17.2 | 51.5 | 076 78 | 13.0 2.8 | 314 | 41.6 | 74.4 | 116.2 | 1674 good f 
4-6-2 @ 200 PS. | TIMKEN| 468 | 633 [1510 | 307 |3208| 1063 | 63 | 33.3 | 723 27 | 49 76 | 19 | 310 | $5.1 | e861 | 1239 require 
MT-1 7 % OFF. -46 -26 | -68 | -65 -65 | -65 | -26 | -28 | -26 | -26 Com 
' 23 x2e | @) 2067 | 19.0 | 570 | ese | 104] 5 | 417 | 333] $02 | 025 | 133.2 strengt 
4-6-4 © 250 | TIMKEN| 437 1305 | 360 | 2102] 995 | 10.0 | 29.0 | oe 26| 47 73 | 26.2| 465 | 72.7 | 1048 
78° % OIF. -52 -21 | -75 | -75 | -75 | -21 | -20 | -20 | -2! ngt! 
8 not o 
MAIN LINE PASSENGER SERVICE MILEAGE TO JAN.1 1937,162000 MILES. = 
50 NEW LOCOMOTIVES pews BUILT, 5 EQUIPPED AS SHOWN AND OTHER 45 WITH TIMKEN RECIPROCATING PARTS ONLY. anal 
LOCOMOTIVES BEING REBUILT. 
PLETELY COUNTERBALANCED ON ALL OF THE LOCOMOTIVES SHOWN IN THIS TABLE. CROSS-BALANCING IS USED ‘Nu 
Gn LL EXCEPT THE RRA. M45 LOCOMOTIVE WHERE A STATIC BALANCE IS USEC ON BOTH THE TIMKEN AND PLAIN BEARING DESIGNS the na 2 
IN ACCORDANCE WITH THE PRACTICE OF THE P.AR. ‘Th 
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Timken high- Plain 
namic carbon, Aluminum 
r-Ni- A.A.R. 
Properties Mo spec. 25 ST¢ 
Yield point, lb per sqin.......... 115,000 55,000 35,100 
Strength-weight ratio.......... 14.70 7.00 12.70 
Tensile strength, lb per sq in...... 132,000 90,000 55,100 
Strength-weight ratio.......... 16.80 11.50 19.90 
Endurance limit, lb per sqin..... 62,000 39,000 12,600 
Strength-weight | eS 7.90 5.00 4.60 
Elongation in 2 in., per cent...... 22.00 28.00 13.70 
Reduction in area, per cent....... 65.00 |! ere 
Sere 285.00 160.00 110.00 
Specific gravity................. 7.85 7.85 2.77 


® See reference (1) in Bibliography. 


The piston rod is a thin-walled tube. The usual massive one- 
piece cast-steel crosshead is entirely redesigned, eliminating 
the taper-key connection and using a two-piece construction of 
thick plates die forged to proper shape. The conical piston is a 
forged and rolled shape of comparatively thin sections and 
its extremely low weight permits very successful operation with 
only two piston rings. The thin plate section of the piston per- 
mits deflections several times as great as the usual piston, and 
this is of value in reducing stresses when water is carried over 
from the boiler or from condensation in the cylinder. Compari- 
son photographs of reciprocating assemblies for the conventional 
and Timken lightweight designs are shown in Fig. 4. 

Before such service applications could be made on the driving 
and running gear it was necessary to give considerable study to 
(a) the selection of the proper materials and heat-treatment, (b) 
methods of manufacture, and (c) testing to facilitate stress analy- 
sis of the various members. This development, and particularly 
the testing, will be discussed in the first part of this paper, while 
the latter part will describe the fatigue testing of full-size 
driver axles as a means of reducing the stress concentration at 
wheel and bearing seats and increasing the fatigue strength 
of axles. 

Selection of Material. The material selected for the rods, 
pistons, and principal members constituting the revolving and 
reciprocating parts is Timken high-dynamic steel of a Cr-Ni-Mo 
type, having the following nominal chemical analysis: 0.37 
per cent C; 0.70 per cent Mn; 0.27 per cent Si; 0.75 per cent Cr; 
1.60 per cent Ni; 0.25 per cent Mo. The approximate heat- 
treatment of all stee] parts is a quench in caustic-soda solution 
or oil at 1440 F, after which a tempering treatment at 1200 F is 
given. 

The average physical properties of this steel are shown in 
Table 2, and for comparison purposes similar properties are given 
for an aluminum alloy (1)* and for plain-carbon-steel forgings in 
accordance with A.A.R. specifications. The purpose of such a 
comparison is to show reasons for the selection of high-dynamic 
steel. In design parts of this nature it is desired to have a mate- 
tial possessing high yield strength, high endurance limit, good 
ductility as measured by elongation and reduction in area, favor- 
able impact strength, and to obtain these properties with mini- 
mum weight as expressed by the strength-weight factors. Also 
good forging, heat-treating, and machining characteristics are 
required. 

Commenting on Table 2, we find the favorable high values of 
strength-weight factors for Cr-Ni-Mo steel relative to yield 
strength and endurance limit. The value of the tensile strength 
snot of much importance because failure in such design parts is 
based on static stresses which cause yielding’ or variable stresses 

‘Numbers in parentheses refer to the Bibliography at the end of 

paper. 


The reason for the favorable influence of high yield strength is 
discussed later in the paper under column design of rods. 
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TABLE 2 AVERAGE PHYSICAL PROPERTIES AND STRENGTH- 
WEIGHT FACTORS OF AND PLAIN CARBON 
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which develop fatigue failure.* 
of the Cr-Ni-Mo steel is in the crosshead shoe, which is an alumi- 
num forging. 
Forging Process. 
all die forged; the piston rod is made from cold-drawn steel tub- 


The only exception to the use 


The driving rods, piston, and crosshead are 


ing, and the crankpins are hammer forgings. In order to ob- 
tain the beneficial effects of grain flow, the development of die 
shape and forging technique was required. As an example of 
the uniform and maximum strength characteristics obtained by 
favorable grain flow, Fig. 5 indicates the tensile-test results of 
specimens selected from various positions in the eye end of a 
side rod, which portion presents the greatest difficulties in pro- 
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CYLINORICAL BLOCKS WERE USED ON ENDS OF COLUMNS 


TO GIVE ROUND END CONDITIONS FOR THE BUCKLING TESTS 
TEST NO|TEST NOlTEST 
78 RIA [888 88 
d=DEPTH OF SECTION, INCHES an ait 
b=WIOTH OF FLANGES AT CENTER, INCHES 22 2+ 2 
A=AREA OF FSECTION AT CENTER,SQ.IN. 7.06 630 549 
I=LEAST MOMENT OF INERTIA AT CENTER,IN® | 3.04 214 130 
INCHES 0655 | 0582 | 0448 
Q@=AREA OF SECTION AT ENDS, SQ.IN. 4.86 4.67 447 
1 =LEAST MOMENT OF INERTIA AT ENDS,IN4 | 0507 | 0.475 | 0.475 
£ =LENGTH OF UNIFORM SECTION, INCHES 58 37 37 
L,= OVERALL LENGTH OF COLUMN , INCHES 63 83 a3 
0.70 OAS 0.45 
ai66 | 0.431 
m= DINNIK'S FACTOR 958 8.80 a26 
= BUCKLING LOAD FOR 18s. | 127,000 | 81,500 | 45,400 
AVE.COMPRESSIVE STRESS AT CENTER,P 18000 | 12900] 4300 
L =LENGTH OF UNIFORM COLUMN WHICH 
WOULD HAVE THE SAME 
BUCKLING LOAD, INCHES 842 87.8 85.5 
= SLENDERNESS RATIO 128.5 150.8 | 191.0 
P= BUCKLING LOAD FROM TEST,LBS. 127,000 | 82,000] 49,500 


Fie. 7 Taperep-Co_umn Test Resvutts 


ducing proper grain flow. A number of longitudinal etched sec- 
tions of the eye were made to determine the proper grain flow so 
that in the subsequent machining operations the cutting would 
be parallel and not transverse to these flow lines. Only !/, in. 
to */\s in. of stock is left on each surface for machining, except at 
the rod bore where '/; in. is allowed. A typical example of the 
die-forging process followed in making the rods will be given. 

The eye end and a little over half of the column section of the 
rod is die forged in three operations consisting of forming, block- 
ing, and finishing operations. The opposite end of the rod is 
then die forged in a similar manner. A center die is then used to 
straighten the column section with the ends and to control the 
length. 

The forming begins by hot upsetting the end of a 7-in. round 
billet into a sphere after which this sphere is flattened into a pan- 
cake-shape in the plane of the rod. This blank is then placed 
in a 1500-ton hydraulic press for the blocking operation where 
it is pressed into the die shape of the column and eye sections. 
The final forging is then done in finishing dies on an 18,000-lb 
drop hammer. The proper temperature of the forging must be 
maintained during each of these operations by reheating. A 
steam jet is used to remove all scale after each hammer blow. 

The trimming of the flash is done in three operations. The 
thin plate left in the bore of the eye is removed after the block- 
ing, the outer flash is removed after the completion of one half 


® As an example, variable stresses occur in the eye-end sections of 
the rods; this is discussed later in the paper 
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the finish forging, and final trim is made after completion of the 
forging. The total weight of the trim is very small. A com- 
plete description of this forging process is given in Jron Age (2). 


DeEsIGN OF CoLUMN SECTIONS OF Rops 


The design of the column sections of the main and side rods 
is based on compression tests of full-size tapered columns. The 
columns tested were machined from standard structural-steel I- 
beam sections to dimensions comparable with those of full-size 
main and side rods used in service. The object of these tests 
was to determine the load required to bring failure due either to 
local yielding or to buckling. Only sufficient tests were made 
to satisfy the validity of formulas (4) for the rational design of 
tapered columns. 

Column Tests. The general shape and characteristics of the 
columns tested are shown in Fig. 7. For a column tapered in the 
manner shown, the least moment of inertia of any cross section 
in the tapered portion at either end of the column is very nearly 
proportional to the cube of the ratio of the width of flange at that 
section to the width of flange at the end of the column. The 
buckling load for a pin-ended column of this kind is expressed by 
the equation 


where E = Young’s modulus (30 X 10°); 7 = least moment of 
inertia of the uniform section at the center of the column; A = 
cross-sectional area of this section; R = least radius of gyration 
of the same section; Ly = over-all length of the column; m = 
coefficient (Dinnik’s factor) dependent on the ratios 1/L» and 
i/I; l = length of uniform part of the column; andi = least 
moment of inertia of the section at either end of the column. 
Values of the coefficient m were taken from a table for pin-ended 
tapered columns given in Dinnik’s work (4) and the buckling 
load was calculated for each column tested as shown in Fig. 7. 
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Fic. 8 ComMPaARISON OF EXPERIMENTAL AND CALCULATED BUCKLING 
Loaps FoR TAPERED COLUMNS 


For a uniform column, Equation [1] for the buckling load 
reduces to Euler’s formula 


EI 
L? 
or 
P, E 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


where L = length of the uniform column; A = cross-sectional 
area; and R = radius of gyration of the cross section. Fiom 
Equation [2] Euler’s curve has been plotted in Fig. 8. A modi- 
fied Euler curve could be drawn for each value of m encountered 
in the column tests, and individual test results could be com- 
pared with the corresponding curves. Instead of doing this, a 
simpler procedure was adopted for the comparison of test values 
with the values predicted by theory. For each column tested, 
the length L was calculated for an equivalent uniform column, 
having a cross section the same as that of the center part of the 


NOTATIONS 
P=AXIAL LOAD AT WHICH YIELDING BEGINS 
L*®LENGTH OF COLUMN 
@rECCENTRICITY 
R*RADIUS OF GYRATION 
AREA OF CROSS SECTION 
Z* SECTION MOOULUS 
K= CORE RADIUS=2/A 


Fie. 9 Stress oF VARIOUS SLENDERNESS RatTI08 


(These curves show that the allowable P/A stress, above which yielding 
will occur at the center of an eccentrically loaded column, is greater for 
columns made of steel having a yield strength of 115,000 lb per sq in., than 
it is for columns made of steel having a yield strength of 57,500 lb per sq in.) 


tapered column, which would buckle at the same load. Using 
this value of L, the test value of P,/A for each column tested 
could be plotted against L/R for that column and the point so 
obtained should fall on Euler’s curve. 

The table in Fig. 7 gives the dimensions and other data for 
three of the seventeen different designs of columns tested. The 
test results given in this table represent the results of five tests, 
one test on the first design and two each on the other two de 
signs. In each case, the buckling loads for the two tests on the 
same design were identical. The load-deflection curves for these 
five tests are given in Fig. 8. The slope of each curve showing 
the lateral deflection of the column at its center is due to slight 
and unavoidable imperfections in material, initial curvature of 
the column, and accidental eccentricity of the load applied in 
the test. For an ideal column, the curve would be truly vertical 
for loads up to the failure load. The actual curves are asymp 
totic to the horizontal dotted lines which show the theoretical 
calculated value of the buckling load foreach column. The test 
value of P./A for each of the three designs of Fig. 7 is plotted 
against L/R in Fig. 8 as three points, which fall on the Euler 
curve. The close agreement of the experimental points with 
Euler’s curve shows that the analytical work of Dinnik can be 
applied to find an equivalent value of L for a tapered colum2. 


This equivalent length will be greater than the actual lengt! | 


Ly, of the column, and the column may then be designed fo 
safety from buckling or failure at the middle of the column * 
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though it were a uniform column of length L. The experimental 
results presented in this paper in support of this idea were ob- 
tained from tests on tapered columns having very little eccen- 
tricity. However, additional tests on tapered columns were 
carried out in which the loads were applied with a deliberate ec- 
centricity at both ends of the column. These tests showed that 
the correspondence between the measured deflections at the cen- 
ter of an eccentrically loaded tapered column and the calculated 
deflections at the center of the equivalent uniform column, the 


NOTATIONS ® 
P= AXIAL LOADING AT WHICH YIELDING 
BEGINS IN A SHORT COLUMN OR AT 
THE ENDS OF A TAPERED COLUMN 
@*ECCENTRICITY OF LOAD 
ReRADIUS OF GYRATION 
A=AREA OF CROSS SECTION 
SECTION MODULUS 
K=CORE RADIUS = 
®R AZ, ANDK ARE FOR THE MINIMUM 
SECTION AT THE END OF THE COLUMN | 
af ON 


—YALUES OF IN INCHES 
AIN BRG. RODS 
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Fic. 10 Curves SHOWING THAT THE ALLOWABLE P/A STREss, 

ABoveE WHicH YIELDING WILL Occur AT THE ENDs oF AN EccEN- 

TRICALLY LOADED TAPERED CoLUMN, Is GREATER FOR COLUMNS 

Mave oF STEEL HavING A YIELD STRENGTH OF 115,000 LB PER Sq IN., 

Ir Is FoR Cotumns Mabe oF STEEL HavinG YIELD STRENGTH 
or 57,500 Ls per Sq IN. 


length of which was determined as previously explained, was 
sufficiently close to warrant using the same equivalent length L 
for the design of a tapered column regardless of the amount of 
eccentricity assumed to exist in the application of loads. 

Failure of Uniform Columns. With this in mind, we can pro- 
ceed with a discussion of the failure of uniform columns. Euler’s 
curve shown in Fig. 8 gives the buckling load for pin-ended 
columns with no eccentric loading. 1f we consider that a column 
has failed as soon as the yield-point strength has been exceeded, 
then the full-line curve designated as e/k = 0 (see Fig. 9 for 
notations and table of values of eccentricity e for actual locomo- 
tive rods) in Fig. 9 gives the failure loads for columns with no 
eccentricity if the steel in the columns is of the Timken high- 
dynamic type, having a yield-point strength of 115,000 lb per sq 
in. The horizontal portion of this curve is below the value of 
L/R used for locomotive rods and is not of much interest to the 
designer. For a detailed discussion of short columns see the 
paper by Westergaard and Osgood (5). In a driving-gear sys- 
‘em, moreover, the load is sometimes eccentrically applied on 
the rod and develops stresses above the yield point as a result of 
the combination of bending stress with direct stress. The re- 
maining full-line curves of Fig. 9 are also for a yield-point 
strength of 115,000 lb per sq in., and show the loads at which 
Yielding at the center of a uniform column will begin for several 
‘sumed values of the ratio e/k. The curves shown in Fig. 9 
Were calculated using the equation 

r Yield-point strength 


R 


tte notations for which are given in Fig. 9. This equation is 


Fie. 11 
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found in a paper by Young (6). The dashed-line curves of Fig. 9 
give the same information as the full-line curves, only for a steel 
having a yield-point strength of 57,500 lb per sq in. Fig. 9a 
shows both groups of curves for values of L/R up to 150. In 
Fig. 9b is given that portion of the curves to an enlarged verti- 
cal scale for L/R values of 100 to 150 which are commonly used 
in locomotive-rod design. 

The curves of Fig. 9 furnish a basis for the rational design of 
columns by assuming some eccentricity and utilizing steels with 
higher yield strength. The factor of safety for any column will 
be the ratio of the load at which the column will yield to the 
maximum load which the column must carry. It is apparent 
from Fig. 9b that with equal eccentric loading (say e/k = 
2.0) the higher yield strength steel will give a column strength 
24 to 43 per cent greater than the lower yield strength steel] for 
L/R ratios of 150 and 100, respectively. As mentioned before, 
the narrow width of the ends of the Timken rods and the well- 
maintained alignment of the driving axles and driving-rod system 
through the use of Timken roller bearings permits small eccentric 
loading compared to plain-bearing rods. Assuming that e/k 
may be reduced from 2.0 to 1.0, then Timken rods made from 
steel with a high yield strength will have a strength of from 40 
(L/R = 150) to 76 per cent (L/R = 100) greater than plain- 
bearing rods of the same weight made from steel with low yield 
strength. Or by maintaining the same column strength in de- 
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signs using both steels, the Timken rods will show a saving in 
weight. 


Yielding at the Ends of Tapered Columns. While the curves of 
Fig. 9 illustrate saving in weight effected by using steel of high 
yield strength for uniform columns, we will also show by Fig. 10 
that the use of the same steel gives additional weight saving by 
increasing the amount of taper which may be permitted at the 
ends of the columns or rods. When the ends of a column are 
tapered, failure may develop due to local yielding at the ends of 
the column before buckling or yielding occurs in the middle. 
The stress at the end of a column is independent of deflections, 


so that the maximum combined stress at the end of a tapered 
column is simply 
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where the notations are those in Fig. 10. To find the value of 
P/A at which yielding will begin at the end of a column it is 
only necessary to equate this stress to the yield-point strength 
of the material. Fig. 10 gives curves showing the values of P/A 
at which yielding will begin at the ends of a tapered column, one 
curve for the Timken high dynamic steel having a yield point 
strength of 115,000 lb per sq in., and the other for a steel having a 
yield strength of 57,500 lb per sq in. The curves show that the 
value of P/A to cause yielding for a given column end section is 
directly proportional to the yield-point strength of the material 


Fie. 12 Stowe Rop in Test Setup SHOWING ARRANGEMENT OF 
Srrain Gaces Usep To DETERMINE STRESS DISTRIBUTION IN 
Various Eye Sections 


used. In using the curves in Fig. 10 it should also be considered 
that here again much less eccentric loading may be expected on 
the narrow Timken rods than on the wide plain-bearing rods for 
the reasons previously mentioned. 

On the basis of the test results and theoretical considerations 
presented previously in this paper, we conclude that tapered- 
column sections used in locomotive main and side rods may be 
designed for safety against sidewise bending and direct stress 
by the use of curves derived from rational formulas. It should 
be mentioned here that empirical formulas similar to those used 
by A.A.R. and locomotive builders do not permit the proper 
evaluation of the advantages to be obtained by using the higher- 
yield-strength steel and tapered-column design. 

Fatigue Failure of Rods. Up to this point, only static failure 
of the columns has been considered, but the possibility of fatigue 
failure must also be investigated. Fatigue failures seldom occur 
in the uniform-column portion of the rod, but usually develop at 
the junction of the column with the eye (fatigue failures in the 
eye will be discussed later). In this region there is usually an 
abrupt change in section, and the bending and direct stresses are 
higher than the nominally calculated values due to stress con- 
centration. The Timken-rod design gives comparatively uniform 
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sections at the junction of the eye and column which results 
in less stress concentration and greater uniformity of strength of 
material than in the plain-bearing rods. The danger of fatigue 
failure in the Timken rods is further reduced by the high fatigue 
strength of the high dynamic steel. 

Vertical Bending and Centrifugal Stresses. At low speeds, 
only sidewise bending and direct stress need be considered. 
At high speeds, however, stresses due to vertical bending caused 
by the column load and inertia forces on the rods must be con- 
sidered. Fig. 11 shows a comparison of these stresses for the 
Timken main rod on a locomotive and the plain-bearing rod 
which it replaced. The centrifugal stresses were calculated from 
the usual formula as recommended by the American Locomotive 
Company and the A.A.R., and derived in Merriman’s “Mechan- 
ics of Materials.”” The formula recommended by the Ameri- 
can Locomotive Company for the calculation of vertical bending 
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stress S in a rod, is an empirical formula which can be written ia 
the form 


P/2A 


S= P,) 


where P is the maximum piston thrust, and P, is Euler’s load for 
buckling in the vertical plane as given in Equation [2], consider- 
ing the rod as a round-ended column. The curves for vertical 
bending stress given in Fig. 11 were calculated from this formuls 
Fig. 11 shows also the combined stress, vertical bending plu 
centrifugal, for the Timken rod and the plain-bearing rod. It 
will be seen that the combined stress is slightly higher for the 
Timken rod because of its reduced section. The higher stres 
in the Timken rod is more than offset by the higher physic#! 
properties of the steel used as compared with the properties 
the steel used for plain-bearing rods. 

The practice of combining vertical bending with centrifug® 
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stress, as in Fig. 11 is recommended by the American Locomo- 
tive Company. The standard practice of the A.A.R. is to com- 
bine direct stress due to a fraction of the full piston thrust with 
centrifugal stress. The latter method would give slightly lower 
stresses than those shown by the curves in Fig. 11. 


Desian oF Eye Enps or Drivine Rops 


Examination of Figs. 1 and 3 showing the eye-end sections of 
the Timken main and side rods reveals the wide departure from 
usual design practice, in that light I-sections are used instead of 
heavy rectangular sections. On account of this great difference 
in shape of sections, it was not advisable to employ the estab- 
lished empirical formulas of the A.A.R. and locomotive builders 
in arriving at the proper design of eye for the Timken rods. 

A satisfactory analytical solution for the stresses in the eye 
ends of the main and side rods does not exist. This is due to the 
difficulty of determining the load distribution over the bore of 
the rod eye which depends upon the clearance between the eye 
and the bearing race (7). This clearance is a minimum for new 
parts and, since increased clearance results in higher stresses in 
the eye sections of the rod, the stresses in these sections become 
greater as the clearance increases under operating conditions. 
The purpose of these static tests on full-size eye sections, there- 
fore, was (a) to investigate the stress distribution in various de- 
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tigns of eye sections, and (b) to determine the increased magnitude 
of these stresses due to increasing the clearance from minimum to 
Maximum values anticipated in service. These tests were made 


% side rods and the knowledge obtained was applied in an ana- 
lytical solution for the stresses in the main rods which are of similar 
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design. In addition to the stresses measured in these static 
tests, stresses due to impact are present in the eye sections under 
operating conditions and this must be considered when a factor of 
safety is selected. 

Tests of Side-Rod Eyes. The method of loading the eyes of 
the side rod in the testing machine to determine the stress dis- 
tribution by means of last-word strain gages of l-in. gage length 
located at various I-sections is shown in Figs. 12 and 13. The 
complete stress distribution was determined in the eye section 
for ten different rod conditions which included the investigation © 
of five different eye designs having various clearances between 
the eye and the outer race of the Timken bearing. A total of 
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SECTION U 
218600 


SECTION N 
20900 


6100 


A. MEASURED STRESS RS.I. 
stress & esi. 


13000 


c. RATIO’ 1.68 2.58 
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Summary oF Stresses Dus To Bors 0.004-In. Press Fit or CrossHeap 
Pin anv 117,400-Ls on THE Matin Rop 


Section U Section N 


(A) Measures stress, lb per sqin............ 21,800 20,900 
(B) Stress P/2A, lb per sq in.............. 13,000 8100 


1300 strain-gage readings were made, most of which were 
obtained from tensile tests on the rods and the remainder from 
compression tests. As shown in Fig. 13, a load of 58,000 lb 
(one half piston thrust) was applied on the side-rod eye in all 
these tests which is in accordance with A.A.R. design specifica- 
tions for the six-coupled passenger locomotive on which this rod 
application was made. The results of two of the tension tests on 
each of the two designs of eyes in Fig. 14 are shown graphic- 
ally in that figure. Strain gages could not be mounted closer than 
1/1, in. from the boundary of the rod so that stresses at this posi- 
tion are given in the table of Fig. 14 rather than stresses ex- 
trapolated to the boundary. 

Referring to Fig. 14, it is apparent that the critical stresses 
measured in test occur at sections N and U with the latter showing 
the maximum stresses. Actually the maximum stresses exist a 
short distance from section U, depending upon the clearance 
in the eye, but the difference from the values shown would be 
small. The table in Fig. 14 shows slightly lower stresses for 
design 2 than for design 1, particularly with increased pin clear- 
ance. This may be explained by the increase in hub thickness 
from 7/s in. in design 1 to '5/,¢ in. in design 2 and by the longer 
radius of 14*/, in. used in design 2 compared to 12 in. in design 1. 
The thinner rim in design 2 would tend to increase the stress over 
design 1. The effect of 5/s in. pin clearance instead of 1/4 in. 
clearance is to increase the stresses by 13 to 20 per cent at section 
U, but is of greater influence at section N where the stresses with 
5/¢4 in. clearance are 1.7 to 2.2 times as great as the stresses with 
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1/¢ in. clearance. The measured stresses given in the table in 
Fig. 14 for section U are 3.1 to 3.9 times the nominally calculated 
direct stresses, P/2A, and are 1.5 to 3.2 times as great as P/2A 
at section N, which indicates the presence of considerable bend- 
ing at these sections. 

As a result of the test data given and additional tests not 
shown, the final design of rod introduced in service applications 
incorporated features of both designs 1 and 2, which would give 
stresses more favorable than those shown in Fig. 14. 

Several investigst>rs have made tests (1), and analytical (8, 9, 
10) and photoelastic (11, 12) analyses of the stresses in eye bars. 
The difficulties in applying their solutions and results were prin- 
cipally due to the facts that their investigations were made on 
eye bars having rectangular sections, and that the determination 
of distribution of pressure around the bore as affected by pin 
clearance necessitates lengthy solutions. Given more time it is 
believed that a satisfactory correlation could be made between 
the stresses obtained by test and the analytical values. 
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Fig. 16 Two Hatves or CrossHEAD Bopy BoLTep 
ToGETHER OvER SysTEM OF ANNULAR GROOVES IN Piston Rop TO 
Form CrossHEAD CONNECTION 


Tests of Front End of Main Rod. Similar strain-gage tests 
were also made on the front end of the main rod to determine the 
stresses in the rod due to both the cylinder pressure and the press 
fit of the crosshead pin in the rod. The results of these tests are 
shown in Fig. 15. The stresses in the rod resulting from the 
0.004-in. press fit of the crosshead pin were measured first, and 
are shown by the broken-line curves in the figure. Then 117,400- 
lb pull was applied on the rod, increasing the stresses to the 
values shown by the full-line curves, which represent the com- 
bined stress due to both the press fit and the pull. The pull 
force on the rod increased the stress by 17 per cent at section N 
and 36 per cent at section U over that due to the press fit. The 
variation in stress in going from tension to compressive forces in 
the rod will therefore be small in actual operation and this is a 
favorable condition for maximum fatigue strength. The meas- 
ured stress at section U in the bore is 1.7 times the nominally 
calculated direct stresses, P/2A, and 2.6 times at section N. 
The measured stresses due to the press fit give reasonable agree- 
ment with calculated values based on Lamé’s formula in view 
of the assumptions necessary in making such a comparison. 

It is necessary to maintain sufficient press fit of the pin in the 
rod if it is not to work loose in service. Besides the tests just 
mentioned additional tests were made on the front end of the 
main rod. The results of these tests indicate that it is desir- 
able to make the rod eye from 0.002 in. to 0.004 in. tight on the 
crosshead pin. 


CROsSHEAD TEST 


A comparison illustration of the assemblies constituting the 
reciprocating parts is shown in Fig. 4 for the lightweight and 
conventional designs. The usual design of taper key fit of the 
piston rod in the cast-steel crosshead contributes considerable 
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Fia. 18 

(Illustration shows the method of determining piston-rod stresses by mes 

of Huggenberger strain gages mounted on gage pins fixed to piston rods 82° 
extending through clearance holes in the crosshead.) 


C.ioss-Up or CrossHeap Test 


weight to the reciprocating parts and is not used in the Timke® 
design. In this lightweight design a piston rod having 5 
3/,-in. wall section is keyed by three integral annular grooves © 
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the end of the piston rod to a crosshead consisting of two thick 
die-forged side plates as shown in Fig. 16. The object of the 
following described tests was to develop the proper design and 
system of annular grooves to provide a rigid connection and 
proper distribution of load over the several annular grooves. 
This problem is somewhat similar to that in bolts where there is a 
concentration of stress in the first few threads (13, 14), and in the 
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crosshead design the groove shape and spacing as well as shape of 
crosshead body was modified to give a more even stress distribu- 
tion. 

A general view of the crosshead assembly located in the tensile- 
test machine is shown in Fig. 17 and a close-up in Fig. 18. Strain 
measurements were obtained on the piston rod at the base of the 
annular grooves by means of gage pins fixed to the rod and ex- 
tending through clearance holes in the crosshead as shown in Fig. 
19. Huggenberger gages were then applied to the extended gage 
pins to measure the change in distance between pins, and tele- 
scopes were sighted on mirrors attached to the pins to deter- 
mine their change in angularity. It was necessary to measure 
change in angularity of pins since the Huggenberger strain gages 
could not be mounted directly on the piston rod. By correcting 
the Huggenberger reading for change in angularity of the pins an 
equivalent strain at the base of the annular grooves was ob- 
tained. Preliminary strain measurements of this kind were 
made to determine the longitudinal stresses at the surface of the 
piston rod due to tightening the six bolts fixing the side plates to 
the rod. A tensile force of 120,000 Ib was then applied to the 
piston rod and the measurements were repeated. 

Stresses in the piston rod at the base of the annular grooves 
were determined for two different designs of annular-groove sys- 
tems and these designs as well as test results for both are shown 
in Fig. 20. The bolts were drawn equally tight for the test on 
each design. The stresses in the bolts were determined by meas- 
uring the change in length of each bolt with 0.0001-in. dial gages. 
Consideration of the factors of magnitude and uniformity of 
stresses in Fig. 20 leads to the selection of the second design, 
which is the one that was adopted for actual service applications 
with slight modifications. The stresses given are average stresses 
at the surface of the piston rod based on a gage length of 1?/s in 
and the local stresses adjoining the fillets at the base of the an- 
nular grooves would be higher than the stresses shown. These 
fillet stresses, however, are calculated to be well within the en- 
durance limit of the steel. 

For locomotive applications, the system of annular rings is 
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PISTON ROD 
Lhd dh 
SECOND DESIGN-FULL SIZE oF ‘Ges ROD 
STRESS IN P'S.1. AT BOTTOM OF VARIOUS ANNULAR GROOVES IN PISTON ROD 
5 F 6 BODY BOLTS 
DESIGN } DESIGN 2 
GAUGE POSITION 1-4 a 1-4 
STRESS | TIGHTENING 6 BOLTS] ZERO| 1,300] 12000] -9500| -i2000| 1,000 
OUE TO | 120000 LBS PULL 4300 | -3,700| 19000] 17,000] 13,000 GAUGES | 2&3 LOCATED 
TOTAL STRESS 4300 | -2400| 20800] 00| 14000 MONS ONE 
GAUGES 4 5&6 LOCATED 
GAUGE POSITION 2 5 2-5 2 5 2-5 MONG OTHER — 
STRESS| TIGHTENING 6 BOLTS] 8000] 5500| 4500] 15000] 22000] 12900 GAUGES 1-4,2-583-6 
DUE TO | 120000 LBS PULL 2,600] 20,500] 4500] 4000] 4000] 9000 LOCATED IN LINE 90 DEGREES 
TOTAL STRESS 10600] 26,000} 9000] 19000} 26000} 21,000 TO CROSSHEAD JOINTS 
GAUGE POSITION 3 6 3-6 3 6 3-6 
STRESS | TIGHTENING 6 BOLTS] 44000} 19000] 2100] 13000] 14,000] -600 
DUE TO [120000 LBS PULL 1,000] 26000] 4900] 2500] 2500] 5600 
TOTAL STRESS 45,000] 45000] 7000] 15500[ 16500] 5000 
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Fic. 21 Timken MACHINE 
(Two full-size 11'/:-in. diameter driver axles are shown being tested, one at each end of the machine.) 


Fig. 22 One or TIMKEN MacHINE SHOWING ARRANGEMENT OF AXLE DURING THE 


machined to close tolerances, using gages, and then the piston 
rod is lapped-in to the crosshead body. By this procedure the 
desired fit and magnitude and distribution of stresses in the cross- 
head assembly are obtained. 


DEsIGN 


This part of the paper discusses (a) the fatigue strength of axle 
assemblies, particularly the weakening effect due to the press fit 
of the wheel on the axle, and means of correcting this weakness, 
and (b) the impact forces on axles at high speeds and also how 


the axle design may be modified to reduce such dynamic forces. 

Fatigue Testing of Full-Size Azles. In order to investigate the 
fatigue strength of full-size axle assemblies up through 14 in. 
diameter, the Timken locomotive-axle testing machine’ shown 2 
Fig. 21 was placed in operation in the Timken research labor® 
tory late in 1936. At the present time full-size outboard driver 


axles having a wheel-seat diameter of 11/; in. are being tested in, 


7 Built by Riehle Testing Machine Division of American Mx 
chine & Metals, Inc., under the direction of A. Sonntag, chief e 
gineer. 
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assemblies. Approximately two-hundred 2-in. 
axles have been tested. Also other investigators 
(18, 19, 20) have studied this problem on §/, in. 
and 15/,in. diameter test axles. These tests 
on 2-in. axles are being continued parallel to 
the full-size tests so that a correlation may be 
made to determine the influence of size effect. 
Considerable information is now available (15, 


16) on these scale-model tests to conclusively 
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Fig. 24 Typicat Fatigue Fattur® at WHEEL Seat or 11!/:In. 
DiaMeTER Fuut-Size Locomotive Driver AxLeE DEVELOPED IN 
TIMKEN AXLE-TESTING MACHINE 


cooperation with the Pennsylvania Railroad. Fig. 22 shows a 
close-up view. Fig. 23 shows the details of this size axle now 
being tested. The operation and method of testing is self-ex- 
planatory from a study of Figs. 21, 22, and 23, but it may be 
added that two axles may be tested simultaneously, one at each 
end of the machine, loaded as cantilevers and at different bend- 
ing stresses. The load is applied on the end of the axle by means 
of calibrated springs of long travel characteristics to give ac- 
curacy of load and reduce to negligible values the effects of any 
pulsating load due to eccentricities in the running of the axle. 

Axle-fatigue failure develops within the wheel fit a short dis- 
tance from the inside wheel hub face. This location is shown 
diagrammatically in Fig. 23. Fig. 24 shows a typical axle fail- 
ure produced on the testing machine shown in Fig. 21. The 
general nature and location of this axle failure in Fig. 24, is com- 
parable to that produced under service conditions. 

At the time this paper was written, sufficient data had not 
been developed on the fatigue strength of full-size axles to justify 
even preliminary conclusions. When this paper is presented at 
the Detroit Meeting in May, additional data will be available. 
In the meantime, however, we may obtain some conclusion as to 
the low fatigue strength from the fact that the axle failure shown 
in Fig. 24 developed at a bending stress of 19,000 lb per sq in. 
after 5,730,000 rev. The material is a low-carbon 3.1 per cent 
nickel steel, normalized and tempered. 

Scale-Model Tests on 2-In. Axles. As a forerunner to these 
full-size axle tests, several years experience are available (15, 16, 
17) on the fatigue testing of 2-in. diameter scale-model axle 


show that the fatigue strength of 0.45 per cent 
plain carbon steel, normalized and tempered, is 
decreased from 34,000 lb per sq in. without a 
press-fitted wheel, to about 14,000 lb per sq in. 
with a press-fitted wheel or only 41 per cent of 
the strength available and that this greatly re- 
duced strength is a result of high stress concen- 
tration introduced by the wheel fit. Several 
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Fie. 25 Meruop or Surrace 12-In. Diameter Driver 
To OsTarin INcREASED Fatigue STRENGTH 


(Spring pressure is applied through a calibrated spring and lever arran 
ment to three rollers spaced 120 deg apart which are mounted in a cradle 
supported on the traveling lathe carriage. Only the top roller is visible.) 


means of improving this weakness have been developed and the 
most effective method is burnishing or cold rolling of the axle 
(17) in the region of the press-fitted members, as shown in Fig. 
25. This rolling operation more than doubles the fatigue strength 
of the axle. Other methods such as relief grooves in the wheel 
hub face, raised axle seats at the wheel fit, and various steels and 
heat-treatments do not appear to give more than about 10 to 25 
per cent increased strength for any one such method. Our sched- 
ule of tests includes the investigation of all these effects and 
others on both 2-in. and full-size axles. The stress concentration 
and weakening effect of axle fillets will also be investigated at a 
later date. 

Impact Stresses in Azles. The usual empirical methods of 
determining axle design are based on using either (a) the static 
load plus allowance for vertical oscillations and low allowable de- 
sign stresses, or (6) an axle loading similar to that in (a) in addi- 
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tion to large flange thrust, similar to the Reuleaux method which 
permits the use of higher allowable design stresses. Axles de- 
signed in this manner consider stresses determined by the axle 
diameter only as it affects the section modulus and do not express 
the dynamic stresses dependent upon the rigidity and unsprung 
weight of the axle assembly. Under conditions prevailing in 
present high-speed service, it becomes necessary to consider 
these additional factors in order to determine combined stresses 
which lead to axle failure. 

The problem of weight requires no further explanation than to 
state that all unsprung parts should be made as light as possible. 
This discussion will then deal principally with the rigidity of the 
axle which may be simply defined as the resistance of the axle to 
deflection under a certain force. Any impact between the wheel 
and rail develops a certain energy, most of which must be ab- 
sorbed in the unsprung-weight system. If we imagine the axle 
between the wheels as being a very elastic member, then much 
of this energy would be expended in deflecting the axle with re- 
sultant small impact forces in the axle compared to the case where 
a very rigid member connects the wheels. 

In practice, the portion of the axle between the wheels is com- 
paratively rigid and this is especially true with inboard axles 
where this portion is about the same diameter as wheel and bear- 
ing seats. This portion of the axle could be safely tapered to a 
much smaller diameter, which would result in lower axle impact 
stresses due to increasing the ability of the axle to deflect. This 
smaller diameter is further justified when one considers that (a) 
the bending moment gradually decreases between the bearing 
and wheel seats, and (b) a stress-concentration factor of at least 
two exists at wheel and roller-bearing seats due to the fitted 
members on the axle. This would mean that the center of the 
axle could have a diameter with a section modulus as small as 
one half of that at the wheel and bearing seats. As a specific 
example, an axle with 12-in. diameter wheel and bearing seats 
would be tapered to 9!/, in. diameter at the center, provided 
wheel gage may be maintained with axle under load. 

What has been said previously, relative to inboard axles, also 
applies to outboard axles. We find, however, that outboard 
axles are already tapered to a smaller diameter at the center in the 
portion between the wheels. Very little test information is 
available to indicate just what axle proportions are best. A 
number of inboard- and outboard-type axles have failed in ser- 
vice at the wheel fit and the usual remedy has been to make the 
replacement axles not only larger at the wheel seat but also at the 
portion between the wheels. The usual empirical formulas ap- 
plied to such designs would indicate lower calculated stresses at 
the wheel seat but they do not show the increased stresses due to 
the dynamical effect of greater weight and especially increased 
rigidity. When such axle failures develop it would appear to be 
better design to increase only the wheel-seat diameter and not to 
alter the portion between the wheels or in some cases even to 
make the center portion smaller in diameter. 

It has already been reported on electric-locomotive lead-truck 
axles (3) that vertical accelerations on the unsprung journal box 
measured 7 to 13 times gravity, whereas on the main frame the 
acceleration was gravity. More data of this type would assist in 
making an intelligent analysis of this problem. From what has 
been said about the dynamical effects it is recommended that 
consideration be given to the study of modifying the present 
proportions of the ratios of axle, wheel- and bearing-seat diameters 
to the diameter of axle at the portion between the wheels. 


ACKNOWLEDGMENT 


The authors are indebted for the interest and cooperation 
of various railroads in connection with this work, which was 
conducted by the engineering staff of the railway division of The 
Timken Roller Bearing Company. The full-size axle tests are 
being developed in cooperation with the locomotive-design com- 
mittee of the Pennsylvania Railroad. Beneficial discussions 
in connection with the paper were also had with Dr. S. Timo- 
shenko, of Stanford University. 


BIBLIOGRAPHY 


1 “Stress Distribution in Aluminum Connecting Rods,” by 
R. L. Templin, Railway Mechanical Engineer, vol. 109, March, 1935, 


p. 93. 
2 ‘Die-Forged Locomotive Rods,” Iron Age, February 4, 1937, 
pp. 67-71. 


3 ‘Track Tests on Electric Locomotives,"’ Railway Age, vol. 101, 
September 12 and 19, 1936, p. 374 and p. 412, respectively. 

4 “Theory of Elastic Stability,” by S. Timoshenko, McGraw- 
Hill Book Company, New York, N. Y., 1936, p. 137. Also: 
“Strength of Materials,’ by 8S. Timoshenko, D. Van Nostrand Com- 
pany, Inc., New York, N. Y., 1930, vol. 2, p. 590. Also: ‘‘Westnik 
Ingenerow,” by A. N. Dinnik, Moscow, 1916. 

5 “Strength of Steel Columns,”’ by H. B. Westergaard and 
W. R. Osgood, Trans. A.S.M.E., vol. 50, 1928, paper APM-50-9, pp. 
65-S0. 

6 ‘Rational Design of Steel Columns,’’ by D. H. Young, Pro- 
ceedings, A.S.C.E., vol. 60, 1934, pp. 1421-1464. 

7 “Theory of Elasticity,’’ by S. Timoshenko, McGraw-Hill 
Book Company, New York, N. Y., 1934, p. 120. 

8 “Uber die Spannungsverteilung in Stangenképfen,” by J. 
Mathar, Forschungsarbeiten auf dem Gebiete des Ingenieurwesens, no. 
306, 1928. 

9 ‘Das Augenstabproblem und Verwandte Aufgaben,”’ by H. 
Reissner, Jahrb. Gesselschaft Luftfahrt, p. 126, 1928. 

10 “Beitrag fur Berechnung der Spannungen in Augenstiiben,” 
by J. Beke, Fisenbau, vol. 12, 1921, p. 233 and p. 255. 

11 ‘Photoelasticity,"” by E. G. Coker, Journal of the Franklin 
Institute, vol. 199, March, 1925, p. 289. 

12 ‘“Eye-Shaped End of Bar Investigated by Photoelastic 
Method,” by K. Takemura and Y. Hosokawa, Aeronautical Research 
Institute, Tokyo Imperial University, Report No. 18, July, 1926, p. 
127. 

13 “Vorspannung und Dauerhaltbarkeit von Schraubenverbin- 
dungen,” by A. Thum and F. Debus, Mitteilungen der deutschen 
Materialprufungsanstalten an der Technischen Hochschule Darmstadt, 
no. 7, 1936. 

14 ‘The Mechanics of Plate Rotors for Turbo Generators,’’ by 
J. P. Den Hartog, Trans. A.S.M.E., vol. 51, 1929, paper APM-51-1, 
pp. 1-12. 

15 ‘Investigation of Fatigue Strength of Axles, Press Fits, Sur- 
face Rolling, and Effect of Size,’’ by T. V. Buckwalter and O. J. 
Horger, presented at Annual Meeting of the American Society of 
Metals, 1936. 

16 “Increasing the Fatigue Strength of Press-Fitted Assemblies by 
Surface Rolling,”’ by O. J. Horger and J. L. Maulbetsch, Journal 
of Applied Mechanics, Trans. A.S.M.E., vol. 58, September, 1936, 
p. A-91. 

17 ‘Effect of Surface Rolling on the Fatigue Strength of Steel,” 
by O. J. Horger, Journal of Applied Mechanics, Trans. A.S.M.E., 
vol. 57, 1935, p. A-128. 

18 ‘Der Einfluss von Oberfliichenbeschiidigungen auf die 
Biegungsschwingungfestigkeit,"” by W. Zander and K. Gunther, 
Verdffentlichungen des Wohler-Instituts, Braunschweig, Nos. 1 
and 2, N.E.M. Verlag, Berlin, 1928. Also, ‘‘Die Steigerung der 
Dauerhaltbarkeit durch Oberflichendriicken,” by O. Féppl, Ma 
schinenbau, vol. 8, 1929, p. 752. 

19 ‘‘Der Einfluss von Einspann- und Kraftangriffstellen auf die 
Dauerhaltbarkeit der Konstruktionen,” by A. Thum and F. Wunder- 
lich, Zeit. V.D.I., vol. 77, August 5, 1933, p. 851. 

20 ‘‘Fatigue of Shafts at Fitted Members With a Related Photo- 
elastic Analysis,” by R. E. Peterson and A. M. Wahl, Journal of 
Applied Mechanics, Trans. A.S.M.E., vol. 57, 1935, p. A-1. 


| 
F 
I 
I 
I 
f 
t 
g 
b 
b 


of 
PORES 
tk 
SUS 
eff 
In 
th 
dit 
1 
me 
nel 
sha 
d 
i 
In. 
Pe 
Col 
the 
Stat 
Ele: 
engi 
Tese: 
the 
sulti 
193¢ 
2] 
Ken: 
B.S, 
of in 
man 
Colu 


¥ 


RP-59-3 


Oil-Film Thickness at Transition From 
Semifluid to Viscous Lubrication : 


By G. B. KARELITZ' ano J. N. KENYON,? NEW YORK, N. Y. 


This paper describes tests in which flat-faced pieces of 
several bearing metals were mounted to ride on a small 
journal which was lubricated by means of an oil bath. 
The initial lines of contact gradually developed into 
grooves until viscous oil films formed between the rub- 
bing surfaces and arrested further wear. The minimum 
thickness of these wedge-shaped oil films were computed 
from observations made with tin-base, lead-base, bearing- 
bronze, and leaded-copper bearing metals, each being 
tested under loads of 20, 40, and 60 lb per sq in., respec- 
tively. It is shown that the film thickness is substanti- 
ally independent of the load for any one individual mate- 
rial, ranging frorm 0.00003 in. to 0.00006 in. Photomicro- 
graphs of the surface structures of the bronze and tin-base 
babbitt are shown, which permit measurement of the 
height of excrescences. These measurements compare 
favorably with the computed values of minimum oil-film 
thickness. The observations are correlated with those 
given by McKee (6),? obtained on the running in of small 
bearings. The effect of different oils on the running in of 
babbitt is also indicated. 


T IS considered in the theory of lubrication that a transition 
from viscous to semifluid friction occurs in a bearing when 
the minimumoil-film thickness is equal to the combined height 

of protrusions on the rubbing surfaces. Under these conditions 
the protrusions come into contact and begin to increase the co- 
efficient of friction in the bearing. The experiments described 
in this paper were made for the purpose of ascertaining the 
thickness of the oil film when this transition takes place. It was 
reasonable to assume that the film thickness would vary for 
different materials, but would be the same for any given pair of 
metals under different loadings, and with the same lubricant. 


EXPERIMENTAL SETUP 


The apparatus for the tests was suggested by the work of Con- 
nelly (1) and is shown in Figs. 1 and 2. It consists of a test 
shaft mounted on two ball bearings and connected with a small 
d-c electric motor. The shaft has a cantilever extension of 5/5 
in. diameter rotating in an oil bath which is maintained approxi- 
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Columbia University. Mem. A.S.M.E. Mr. Karelitz was born in 
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chanical engineering from the Imperial Polytechnic Institute at 
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the Waterways of Communication in Russia. He came to the United 
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Electric & Manufacturing Company in the capacities of research 
engineer, manager of the mechanics division of the Pittsburgh 
tesearch laboratories, manager of the transportation division of 
the South Philadelphia Works engineering department, and con- 
a engineer. He began his work at Columbia University in 
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of inspection of munition steel with the British War Mission. In 
1918 he entered the employ of the Carnegie Steel Company in the 
manufacture of electric-furnace steel. In 1923 he was employed by 
Columbia University as testing engineer and has recently been ap- 
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mately at a level with the shaft center. The oi] reservoir, shown “ 
in Fig. 2 replenishes the oil lost by leakage through the ball bear- 
ing adjacent to the bath. 

Al X 1 X 1/-in. bearing-metal test block is mounted on the 
loading lever and is held in place with a wing nut. The block 
rests on the test shaft as shown in Fig. 2. The loading lever is 
fulerumed on a ball-bearing hinge and loaded at the other end 
by weights carried on a rather flexible spring. The lever ratio 
is 5:1. The dead weight of this loading arrangement is adjusted 
to give a 5-lb load on the test journal. 

When the shaft rotates, oil is carried up and lubricates copiously 
the rubbing surfaces of the block and journal. A 0.0001-in. 
dial gage is mounted on a rigid arm so that its plunger may be 
brought in contact with the loading lever. This dial indicates 
the gradual sinking of the lever as the test block wears away by 
friction; it also gives an indication of the vibrational effect due to 
inaccuracy of the test shaft. 

A thermometer is used to measure the temperature of the oil 
bath. An ammeter in the motor line shows the variation in the 
frictional torque on the shaft. Due to high losses in the small 
driving motor, the ammeter readings have only a relative value. 


Test PrRoceDURE AND ESTIMATE OF FILM THICKNESS 


The test blocks were machined to a good flat surface. The 
mounting was so arranged that four grooves could be obtained on 
each block, for different loadings. The initial reading of the 
dial gage was recorded at the start of the test. The readings 
changed rapidly during the first few minutes of the test, due to 
the rapid wearing away of the specimen. As the test proceeded, 
the area of contact widened and the rate of sinking decreased, 
reaching a nearly zero value at the end of 36 hr. The dial gage 
was employed to determine when this constant state had been 
reached. A variation in the dial gage reading of 0.0001 in. was 
equivalent to 0.00002 in. sinking of the test blocks. The total 
variation in the reading of the gage had a limited significance, 
since its initial reading depended on the depth of machine-tool 
marks on the surface of the blocks. 

When the steady state was reached, a liquid film of oil ob- 
viously separated the rubbing surfaces. The minimum thick- 
ness of this film was just sufficient to separate the irregularities 
on the block from those of the shaft. The width of the groove 
worn in the block was such that the hydrostatic pressure created 
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in the clearance between the surface of the groove and that of the 
shaft balanced the load on the block. The clearance was natu- 
rally wedge-shaped, as shown in Fig. 3. 

The width a of the grooves worn in the test blocks varied 
from 0.020 in. to 0.060 in., depending on conditions. The corre- 
sponding values of angle @ were 3.7 deg to 10.9 deg. The for- 
mulas available for the load-carrying capacity of films between 


Dial Gage 


lever 
L 
Spring 
Dead-Weight 
Oi! Bath Constant 
Leve/ 
Fig. 1 oF MACHINE 


Fic. 2 Tue Testina MacuIne 


flat surfaces should therefore apply with good accuracy to 
the films in the groove. The ratio of length to width was so 
large that the effect of side leakage could be neglected. Bos- 
wall (2) gives for the load-carrying capacity of a flat film 


W=DxX 


where W is the total load, lb; U is the peripheral velocity of the 
journal, in. per sec; a, as shown in Fig. 3, is the groove width, 
in.; L is its length, in.; h, is the minimum film thickness, in.; 
u is the absolute viscosity of the oil, lb-sec per in.?; and Disa 
coefficient depending on the angle between the surfaces, i.e., 
on the ratio h,/h, (Fig. 3). According to Boswall the values of 
D are as follows: 


h,/h, = 1.7 2.0 2.5 3.0 
D = 0.0246 0.0265 0.0263 0.0246 


The value of D varies but little for this range of h,/h,, the prac- 
tical values of h,/h, being probably within the range. The value 
of D = 0.026 was therefore taken to hold for all test conditions. 
The viscosity » = (1.45 X 107)Z, where Z is the viscosity in 


centipoises; U = [xX(*/s) X (N/60)] in. per sec, where N is 
the speed of the motor, rpm. These values may be substituted 
into Equation [1], so that 


Equation [2] is good only for the journal of 5/s in. diameter. 

The width a of the groove was measured with a micrometer 
microscope after removal of the test block from the machine. 
The width a was taken as the arithmetic mean of five values 
measured at equidistant points along the groove. The width 
a varied somewhat, largely due to slight inaccuracies in machin- 
ing the flat faces on the test blocks. 


MATERIALS TESTED 


The shaft was of chrome-nickel steel of the following analysis: 
Carbon, 0.26 per cent; manganese, 0.74 per cent; phosphorus, 
0.011 per cent; sulphur, 0.027 per cent; silicon, 0.14 per cent; 
chrome, 0.91 per cent; and nickel, 0.29 per cent. It had a good 
shop finish. No efforts were made to give it a high polish. Dur- 
ing the numerous preliminary runs, however, the surface of the 
shaft became rather smooth. The accuracy of turning was satis- 
factory; the vibration at the end of the loading lever was found 
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Test Block 
‘ex 
‘ 


Journal’ 


Fig. 3 Form or O1t Firm BeTweEeNn THE JOURNAL AND THE TEst 
BLock 


to be from 0.0006 in. to 0.0008 in., corresponding to only from 
0.0001 in. to 0.0002 in. out of true on the test journal (5:1 ratio). 

After several preliminary runs, test blocks were prepared of 
four typical bearing alloys, as shown in Table 1. The molds 
were built up of steel plates, and the metal was cast into cavi- 
ties of 1 X 1 X 1/,in. The photomicrographs of the samples 
showed that the castings were overchilled. 


TABLE 1 BEARING MATERIALS USED 


. Tin-base -b: Bearing Leaded 
babbitt® babbitt bronze copper 
8n 89.0 Pb85.0 Cusd0.0 Cu70.0 
Composition, per cent \sp 7.5 8b10.0 Sn 8.0 Pb30.0 
On 6.6 2.5.0 
Pouring temperature, F... . 750 710 2000 1935 
Brinell hardness at 82 F.... . 22.3 a7 3 71.0 30.0 


Mold temperature approximately 200 F 
® Exact analysis: Sn, 89.9 per cent; Sb, 7.3 per cent; Cu, 3.7 per cent 


S.A.E. 30 oil, with the following viscosities, was used in the 
tests 


Temperature F........... 80.5 100 120 160 210 


909 483 273 117.2 63.4 
Saybolt viscosity, sec..... 779 424 252 109.7 61.1 
The points fall on a straight line in the A.S.T.M. viscosity-tem- 
perature chart, which was used for finding the viscosities at run- 
ning temperatures. The specific gravity of the oil was found to 
be 


Temperature, F......... 60 85 120 180 
Specific gravity.......... 0.8775 0.8745 0.8705 0.8625 
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The temperature of the test 
block was measured with a ther- 


TABLE 2 oe ei THICKNESS ho 


mocouple during the prelimi- Oil-bath, vibcon sity 
tem .era- m, ength idt 
nary runs, and found to be 2 deg ot value of 
higher than the temperature of Material lb F poises rpm L, in, a, in, ho, in. 
bg: 20 119 50.5 2050 0.995 0.0254 0.00005 0 
the oil in the bath. It was 1 Tin-base babbitt....... 40 118 49.6 2025 0.995 0.0346 0.000047 
00004 
assumed that the average tem ; 20. ~=—-120 47.0 2050 1.000 0.0301 0.000057 
perature of the oil in the oilfilm 2 Lead-base babbitt...... 40 1 19 50.5 2060 9 876 0.0447 9.000068 
was 3 deg higher than theoil-bath 20 120 47.0 2010 0.885 0.0210 0. 000038 
temperature. 3 Bearing bronze......... 137 26.9 (2100)¢ 0.885 . 0338 . 000033 
60 133 30.4 2070 0.998 "0398 0.000035 
After each run the oil was 20 66.3 980 0.0228 9.000063 
. 030: . 000047 
changed, and the bath and 4 105 60.2 2100 0.990 0.0327 0.000040 


shaft carefully cleaned, in order 
to eliminate the effect of bearing 
material ground off during the 
previous run. 


Test Resutts AND VALUES OF h, 


As mentioned previously, the duration of each test was about 
48 hr; the test blocks stopped sinking at the end of 36 hr after a 
viscous oil film had been established between the journal and 
test block. Typical curves of block sinking plotted against 
time are shown in Fig. 4. The corresponding temperatures of 
the oil bath and ammeter readings are also shown in Fig.4. Each 
block was tested under loads of 20, 40, and 60 lb, a separate 
groove being worn in the surface for each load. This elimi- 
nated the probable structure variation in different test blocks 
of the same material. 

The observations of the test results together with the com- 
puted values of the minimum film thickness A, are given in 
Table 2. 


3 Amperes at load of 35 ib per sq it 140 

© 

° . Temp,deg FP, load of 35 per sq in 20 

oad, 60 Ib per $9 
0.0014 Lo: 

| 

| 

| pad, 35/006 SF 

90007 4 | 

tload, 20 'p persq.in | | 

| | | | 

2 | 

95 5 10 15 20 25 30 35° 


Time, Hr 


Fie. 4 Rate or Biock S1InKING, Power REQUIREMENTS, AND OIL 
TEMPERATURES 


It seems that, within the limits of experimental error, the film 
thickness h, did not change for any one metal, irrespective of the 
load on the bearing block. However, the values of h, did change 
from metal to metal. The scattered results obtained with the 
lead-copper alloy were probably caused by the nonuniformity of 
the material in the specimen, this alloy being rather difficult to 
Cast. 

As a matter of record, and to indicate how far values of h, may 
vary for different blocks of the same chemical composition, the 
observations made during the preliminary runs with the various 
metals are given in Table 3. The oil used was the same as for 
the test runs. The babbitts show a good correlation between 
the preliminary runs and the regular tests. The bronze samples 
show a wider divergence, particularly the leaded copper. It 
should be remembered that castings of the latter metal, which 
have been poured at different times, may vary considerably in 
structure. 


* Speed estimated, in absence of readings, at end of text. 


TABLE3 VARIATI 


NS IN ho FOR DIFFERENT BLOCKS OF SAME 
HEMICAL COMPOSITION 


Tempera- Computed 
ture of he, 


Metal bic bath, F in, 
35 127 0.000052 
Tin-base babbitt, + 4 per cent lead....... 35 127 0.000048 


\ Woods Meta/ 
_Holder 


“Test Block 


‘Copper 
Plating 


“Grooves Worn 
During Test 


Fic. 5 Meruop or MountiIne THE Test Preces ror 


Contact SurFAcE oF BeEaRING METAL 


The hydrodynamic theory of lubrication maintains that the 
bearing metal should wear until the state is reached when the 
film thickness is equal to the combined height of protrusions on 
the rubbing surfaces. Therefore, photomicrographs were taken 
of the cross sections of the bearing blocks near the rubbing 
surface. The purpose was to observe the actual height of the 
protrusions and compare these with the computed values of h,, 
but to achieve this a magnification was required beyond the 
power of ordinary microscopes. Fortunately, the assistance 
of the Bell Telephone Laboratories could be secured, and F. F. 
Lucas and R. M. Sample were willing to prepare and examine the 
surface structure of the sections of the test blocks, using the 
instrument which was described briefly in Mechanical Engineer- 
ing (8). 

The polishing of a sample for study under a microscope presents 
particular difficulties if the structure at the cross-sectional edge 
is in question. This is due to the fact that even with most care- 
ful polishing the edges are rounded off. The focusing of the 
microscope on the edge is thus interfered with. In this case, 
the samples were copper plated in order to protect their surfaces, 
then mounted in Wood’s metal for convenience of handling, 
and the cross section of the sample was carefully polished. 
The mounting is shown in Fig. 5. Even with these precau- 
tions, the polished surface could be obtained reasonably flat at 
the edge only when the material of the test piece was approxi- 
mately of the hardness of the copper plating; the surface was 
slightly rounded, however, with materials appreciably softer 
than the copper plating. Therefore, it was possible to obtain 
good photographs of the bearing-bronze test piece; however, 
the babbitt test pieces were rounded off. The copper-plating 
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Bronze..." 


Copper Plating 


Lc 


Fic. 6 SurFacE STRUCTURE OF Bronze TEstT Piece, X 300 


Fic. 7 SurFace STRUCTURE oF Bronze Test Pisce, X 1000 


could probably be replaced by a softer protective coat, but fur- 
ther work on the subject was not warranted at the time. 

Figs. 6, 7, and 8 show the cross section of the bronze test block 
at the surface of a groove, that is, at point A shown in Fig. 5. 
The respective magnifications of the three original photographs 
were 300, 1000, and 4000 diameters. The film-like appearance 
of the plating at the surface of the bronze was due to the em- 
ployed technique of copper plating: approximately 0.0001 in. 
was put on with extreme care, the process of plating was then 
speeded up. The sharp line B in Fig. 7 is merely the line of 
demarcation of the two copper platings, while line A is the trace 
of the bearing surface, of interest for this investigation. 

The pinhole C in the copper plating was used for identifica- 
tion of location in the Figs. 6, 7, and 8, so that the structure of the 
bronze at the bearing surface may be studied conveniently 
under the three magnifications. Fig. 8 permits direct measure- 
ment of the unevenness of the bearing surface. The height of 
excrescences was found to be 0.000043 in., which compares 
well with the computed value of h, = 0.000035 in. for the bronze 
test piece. Of course, the height of the excrescences on the sur- 
face of the steel journal was not known. 

Unfortunately, the babbitt test pieces could not be investi- 
gated with the same positiveness; and data for comparison of 
measured height of unevenness with computed values of h, 
could not be obtained for the four different materials. Fig. 9 
shows the cross section of the test block of tin-base babbitt at the 
surface. The magnification is the same as in Fig. 8, that is, 
4000 diameters. The excrescences seem to be of the same order 
as in the bronze. It may be noticed that the lens was focused 


on the edge of the cross section, the surface further inward being 
out of focus. This was due to the mentioned rounding of the 
test piece during polishing. 


MECHANISM OF RUNNING IN THE BEARINGS 


Figs. 6, 7, and 8 give an insight into the mechanism of running 
in. At the beginning of the experiment, the metal of the test 
block was subjected to an excessive pressure, much higher than 
those existing in actual bearings. However, after the test had 
progressed 2 or 3 hr the pressures on the working surface of the 
grooves were comparable to those in heavily loaded bearings. 
At the end of the test the pressures ranged under various condi- 
tions from 600 to 1500 lb per sqin. Taking into consideration 
that in ordinary bearings, while they are run in, the load is car- 
ried to a large extent by the high spots of the bearing surface, 
the unit pressure upon these high spots must be rather great. 
It may well be assumed that the phenomena at these spots re- 
semble closely the wearing in of the test blocks in the experi- 
ments described here. 

Figs. 6, 7, and 8 show distinctly that the crystals of the bearing 
metal were mechanically distorted by the action of the shaft. 
The drag effect upon the metal was rather uniform over the whole 
surface of the groove, penetrating to a depth of approximately 
0.0015 in. No cracks were apparent; the crystals flowed into 
their oblique position rather than being crushed into it. In addi- 
tion to the smearing action, the shaft ground off the surface 
crystals; the combination of the working and abrasion gave the 
mirror-like finish characteristic of a run in surface of a bearing. 

Fig. 9 reveals a different situation in the case of tin-base bab- 
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Fic. 9 Surrace Structure or Trn-Base Bassirr Test Piece, X 4000 


bitt. This might be expected, in view of the radically different 
constitution of babbitts and bronzes. A tin-base babbitt consists 
of an eutectic matrix into which crystals of tin-antimony and 
opper-antimony are imbedded. The crystals apparently 
tive the metal its strength. At elevated temperatures the eutec- 
e becomes comparatively soft and flows easily, thus being re- 
*ponsible for the loss of Brinell hardness. The eutectic becomes 


mushy at a temperature approaching 310 F when the babbitt 
may be wiped in the bearing (4). Accordingly, instead of dis- 
tortion and abrasion of the metal, as was the case with bearing 
bronze, Fig. 9 shows the eutectic worn away, and the hard white 
crystals of tin-antimony left behind, providing a pavement on the 
surface of the babbitt. The crystals are partly crushed and 
partly abraded. Fig. 9 does not permit measuring the uneven- 
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TABLE 4 MINIMUM OIL-FILM Ta 7 epeeaep FROM TWO SERIES OF TESTS 
c 
First series*—————. —————Second 
1 5 10 1 4 8 
McKee's (6) values of ZN/P............ 36.0 19.5 11.5 26.5 9.0 5.0 
Dennison's (7) values of m.............. 11.6 .0 40.5 2.0 3.6 4.6 
66555. 0.000116 0.000068 0.000033 0.00014 0.000078 0.000061 
ponding eccentricity of bearings. . 0.913 0.950 0.975 0.500 0.730 0.780 


® Using a set of bearings with a clearance ratio3/D = 1/450, and a radial clearance 6/2 = 0.00135 in. 
> Using a set of bearings with a clearance ratioé/D = 1/2250, and a radial clearance 6/2 = 0.00028 in. 


ness of the surface, but it may be judged to be of the same order 
as that of the bronze. 

A sample of the lead-base babbitt was also prepared and ex- 
amined. This material was still more difficult to polish than 
the tin-base babbitt, and satisfactory photographs could not be 
obtained. However, examination did show a mechanism of 
running in quite similar to the one in Fig. 9. 

Bowden and Ridler (5) have found that under conditions of 
dry friction, as well as greasy friction, individual particles on the 
rubbing surfaces may be heated to extremely high tempera- 
tures. With surfaces of Wood’s metal they measured tempera- 
tures up to the melting point of the metal, thus indicating that 
the microscopic protrusions actually were liquefied and carried 
away. With copper and copper alloys they observed tempera- 
tures up to 1000 C. This heating was distinctly a surface phe- 
nomenon, the bulk of the bearing not showing a noticeable tem- 
perature rise. This information, when applied to the tests de- 
scribed herein, explains the flowing of the bronze, as well as the 
melting of the eutectic matrix at the babbitt surface. The melt- 
ing temperature of the tin-antimony crystals is about 470 F, 
i.e., considerably higher than that of the eutectic. 

The described mechanism of running in may account for the 
fact that a thinner oil film was observed with bronze than with 
tin-base babbitt. It would lead also to the conclusion that 
lead-base babbitt wears in to a rougher surface than tin-base 
babbitt. It is also natural to expect that leaded bronze, con- 
sisting of a copper-lead alloy with globules of lead entrapped me- 
chanically in the alloy, should wear to a surface not as smooth 
as the bearing bronze, as was actually observed. On the other 
hand, one would anticipate its surface to be not much rougher 
than with babbitts, since experience shows that the leaded bronzes 
perform as well as the babbitts in automobile bearings. 

The running in characteristic of a bearing metal is significant 
because bearings lined with the smoother metal should be able to 
carry heavier loads on a viscous film, barring the effect of me- 
chanical or temperature distortion. This means that with the 
same oil viscosity, radial clearance, and speed, the rougher bear- 
ing will enter the semifluid range of friction at a lighter load 
than the smoother bearing would. It must be remembered, of 
course, that the experiments reported here are not sufficient to 
compare definitely different bearing metals. Additional tests 
are needed in order to formulate a reliable basis for judging run- 
ning in qualities of various bearing metals. 


Comparison Tests oN Runnine In BEarInGs 


The observed values of h, can be conveniently compared with 
values derived from the experiments by McKee on the effect of 
running in small bearings (6). McKee measured the total fric- 
tion torque in a set of four bearings carried in one frame, mounted 
on a common shaft of 1.25 in. diameter. Two series of tests 
were reported: The first was with a set of bearings of clear- 
ance ratio /D = 1/450, while bearings with a ratio 5/D = 1/2250 
were used in the second series. All bearings were 1.25 in. long. 
The friction was measured at intervals, while the bearings were 
gradually run in. McKee stated: “The first five runs of 
the first test were completed with no running in between runs, 
the effect produced by each run, in itself being sufficient to show a 
change in the curve for the succeeding run. In connection with 


all subsequent runs, however, some running in was done be- 
tween runs at a value of ZN/P below that at the point of mini- 
mum friction for the preceding run.” The duration of each run 
was approximately 2 hr. 

The ZN/P values at the points of minimum friction for the 
consecutive runs are given in McKee’s paper (6). It may be 
assumed that these points of minimum friction, or more cor- 
rectly, the points of minimum coefficient of friction, are the 
points where the viscous film in the bearing breaks down, i.e., 
when the first metal-to-metal contact occurs. This is the condi- 
tion which existed in the films under the bearing blocks described 
in the present paper. The bearings used by McKee were of tin- 
base babbitt (Sn, 85; Cu, 7.5; Sb, 7.5); the shaft was made of 
high-carbon-tungsten tool steel. The film thickness in the bear- 
ings, after running in, should, therefore, compare with the values 
obtained with the tin-base babbitt block. The film thickness 
at the points of minimum friction in the bearings tested by McKee 
can be determined using the charts computed by Dennison (7) 
for the case of high eccentricity, i.e., low values of ZN/P. Denni- 
son gives the film thickness as h, = (1/m) X (8/2), where (8/2) 
is the radial clearance. The values of h, at the points of mini- 
mum friction for several consecutive runs are given in Table 4. 
The minimum film thickness obtained with the bearings well run 
in are of the same order as those obtained with the test block. 
The latter fall between the values h, computed for the two seta of 
McKee’s bearings. 


EFrrect oF LUBRICANT ON THE RUNNING IN 


In order to observe whether physical properties of the lubri- 
cant play an appreciable part in the mechanism of running in, 
a light commercial-stock oil was obtained from a source different 
from the oil used in the tests reported in this paper. In the 
following, this light oil will be denoted by letter B, while the oil 
which was used earlier will be called oil A. The viscosity of the 
oil B was 


Saybolt viscosity, sec.......... 68.0 36.6 

while its specific gravity was found to be 

Temperature, F......... a 60 75 120 180 
Specific gravity......... ... 0.8759 0.8699 0.8593 0.8351 


_ Another sample of oil B was received mixed with 1 per cent of 


butyl stearate by volume, an ingredient improving the oiliness of 
a lubricant. 

Two bearing blocks, one of tin-base, the other of lead-base 
babbitt were used for this test. Babbitt blocks were chosen be- 
cause their structure was more uniform across the bearing face 
than that of the bronze blocks. Each block was run with 4 
load of 40 lb. One groove each was obtained with oil A, oil B, 
and alloyed oil B. The temperatures and corresponding viscosi- 
ties of the oils are listed in Table 5. The shaft and the test 
pieces were cleaned carefully with carbon tetrachloride after 
eachrun. It was found that the lighter oii produced a decidedly 
thinner oil film (smaller value of h,). This would indicate that 
the lighter oil created a finer polish on the surface of the groove. 
It should be noted that the 1 per cent butyl stearate apparently 
did not affect the performance, which was rather unexpected. 


Fig 
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Fie. 10 Grooves Worn In Tin-Base Fia.11 Grooves Worn In Leap-Base Fie. 12 Grooves Worn In T1N-Base 
Bassitr Usine Piain Or B, X 20 Bassitt Usine Piarn O11 B, X 20 Bassitr Ustne ALLorep B, X20 


Fic. 13 Grooves Worn 1n Leap-BasE Fie. 14 Grooves Worn In T1n-Base BaBBITT Fie. 15 Grooves Worn tn Leap-Base 
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TABLE 5 TEMPERATURES AND CORRESPONDING VISCOSITIES OBTAINED he various bearing materials. However, the cor- 


WITH OILS A AND 


Viscosity Width Minimum 
Oil-bath of oil of film 
tempera- film Z, groove thickness 
Babbitt Oil ture, F centipoises a, in. ho, in. 
Tin-base B, } 89 ae. 0.0541 0.000038 
Lead-base 90 12.2 0.0576 0.000041 
Tin-base 85 14.1 0.0591 0.000043 
Lead-base alloyed 86 14.0 0.0622 0.000047 
Tin-base A, } 97 76.0 0.0347 0.000057 
Lead-base cold 97 76.0 0.0370 0.000057 
Tin-base A, } 179 12.6 0.0884 0. 
Lead-base heated 182 11.9 0.0912 0.000066 


The results obtained with the two different babbitts were in 
satisfactory agreement with each other 

The viscosity of the oils being so different, it was possible 
that the comparatively rough surface obtained with the heavier 
oil, was caused by debris worn away from the block and carried 
in the more viscous lubricant. Therefore, an additional test 
was run with each block, using the oil A, but heating the oil bath 
by means of an electric element. As shown in Table 5, the vis- 
cosity of the lubricant was even smaller than that of the oil B. 
However, the minimum film thickness changed but slightly. 

Illustrations of the eight grooves worn in the two blocks with 
the different oils are shown in Figs. 10 to 17, inclusive. All the 
illustrations were made under the same magnification of 20 
diameters. Figs. 14 and 15 show clearly the pitmarks produced 
at the entering edge by the particles worn away and floating in 
the oil bath. It may be noticed that the groove is smooth at the 
trailing edge, indicating that the clearance between the shaft 
and bearing was too small for the particles to pass and was acting 
as a local filter for the oil. All other grooves, obtained with the 
oils of lower viscosity, were free from pitting. 


CoNcLUSION 


The number of tests made with the machine was too small 
for generalizations, or to permit a definite comparison between 


relation of the obtained results with those derived 


Bin od from the experiments of McKee (6) is satisfac- 
groove tory. The several observations on individual ma- 
9 terials were also rather consistent. The photo- 
. micrographs of the bearing cross sections at the rub- 
14 bing surface showed excrescences comparable with 
is the observed minimum film thickness, under condi- 
17 tions analogous to those existing in bearings at the 


point of transition from viscous to semifluid lubrica- 
tion. Therefore, it was deemed that the information might be of 
value to engineers interested in the performance of bearings or in 
their lubrication. The authors take this opportunity to express 
their appreciation of the helpful cooperation obtained from 
F. F. Lucas and R. M. Sample of the Bell Telephone Laboratories. 
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Operating-Cost Analysis of Electrified 
Oil Lines 


By W. H. STUEVE,! OKLAHOMA CITY, OKLA. 


The author submits data on the capacity and power re- 
quirements when pumping oil through two 10-in. pipe 
lines, 191.4 and 126 miles long, respectively. The first of 
these lines has three stations, located at approximate dis- 
tances of 60 miles, each of which is equipped with plunger 
pumps handling 35,000 bbl of crude oil per day at a pres- 
sure of 800 lb per sqin. The second line has four stations, 
located at approximate distances of 32 miles, each of which 
is equipped with centrifugal pumps handling 40,000 bbl 
of crude oil at a pressure of 800 lb per sq in. The author 
gives the relative efficiencies of the centrifugal and plunger 
pumps and determines the overall pumping charges for 
each line. He calculates the operating costs if oil engines 
were installed as prime movers instead of electric motors. 
Calculations are also made to show the effect on operating 
charges if larger diameter pipe were installed, and if the 
pumping stations were spaced farther apart than in the 
existing lines. 


HE LARGE volumes of crude oil offered to the market 
Tt ene the discovery of the Seminole field in Oklahoma 

and the West Texas and East Texas fields, caused widespread 
expansion of pipe-line facilities of the major pipe-line companies 
from 1926 to 1930. At the beginning of this expansion period 
it was common practice to use electric motors for small gather- 
ing pumps and oil engines in the larger main-line pumping sta- 
tions. About 1927 the first motor-driven centrifugal oil-line 
pumps were considered for use in this industry. Today there 
are 200,000 hp of motor-driven pumps in this kind of service, 
representing approximately 20 per cent of the total installed 
horsepower for main-line pumping stations. 

Before any data were obtainable relative to the performance 
of stations using electrically driven pumps, design engineers were 
prone to use theoretical values of pressures, viscosities, pump 
efficiencies and other factors which influence the cost of pumping 
oil. Today, after motor-driven centrifugal pumps have been 
in use for nearly 7 years, and motor-driven plunger pumps have 
been in use for nearly 5 years, information regarding the per- 
formance and power requirements of such units is meager and 
difficult to obtain, and when such meager information is available 
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it is usually restricted to private use. However, reliable data 
of this nature have been obtained by the author from several 
pipe-line companies. ‘These data show the average daily delivery 
in barrels per day for each month, and electric energy purchased 
per month at stations where oil is pumped through a 10-in. 
pipe line by plunger pumps driven by slow-speed induction 
motors, and at other stations where oil is pumped through a 10-in. 
pipe line with centrifugal pumps driven by relatively high-speed 
induction motors. 

Therefore, the scope of this paper will be to determine the 
relative efficiencies of these centrifugal and plunger pumps, and 
to determine the overall pumping charges, considering the total 
investments in the several types of pumping stations. An effort 
will be made also to calculate the operating costs if oil engines 
were installed as prime movers instead of electric motors. Cal- 
culations will also be made to show the effect on operating charges 
for the entire pipe lines had larger diameter pipe been installed, 
and if pumping stations had been spaced farther apart than in 
the existing lines. 

For the sake of simplicity, and to avoid disclosing the actual 
identity of the source of information, the pipe line equipped with 
plunger pumps will be known as Alpha Pipe-Line Company. 
This company utilizes three 600-hp stations, called A, B, and C, 
respectively, to pump about 35,000 bbl of crude oil per day at 
800 lb per sq in. through a 10-in. pipe 191.4 miles long. The 
crude oil pumped has an average viscosity of about 50 S. sec U. 
and an A.P.I. gravity of 35 deg. There is a distance of 58.6 miles 
between stations A and B, 69.2 miles between stations B and 
C, and 63.6 miles between station C and the end of the line. 
The elevations of stations A, B, and C are 262, 343, and 103 ft, 
respectively. The line ends at an elevation of 52 ft. 

The pipe line equipped with centrifugal pumps will be known 
as the Omega Pipe Line Company. This company utilizes 
four 800-hp stations, called W, X, Y, and Z, respectively, to 
pump 40,000 bbl of crude oil per day at 800 lb per sq in. through 
a 10-in. pipe 126 miles long. The crude oil pumped has an 
average viscosity of about 100 S. sec U. and an A.P.I. gravitv of 
30 deg. There is a distance of 29.5 miles between stations W aad 
X, 29 miles between stations X and Y, 35 miles between stations 
Y and Z, and 32.5 miles between station Z and the end of the 
line. The elevation of stations W, X, Y, Z, and the end of the 
line are 915, 997, 1075, 1017, and 875 ft, respectively. 


CoMPARISON OF Pump EFFICIENCIES 


Fig. 1 shows the average daily volume pumped, and the total 
electric energy in kilowatthours consumed each month by the 
three 600-hp plunger-pump stations A, B, and C of the Alpha 
Pipe-Line Company from October, 1931, to January, 1936. 

Fig. 2 shows the average daily volume pumped, and the total 
electric energy in kilowatthours consumed each month by the 
four 800-hp centrifugal-pump stations W, X, Y, and Z of the 
Omega Pipe Line Company from January, 1929, to January, 
1936. 

From Figs. 1 and 2 may be noted the wide fluctuation in average 
daily deliveries from month to month during the years covered, 
and with particular significance the fluctuations in electric energy 
required are noted. In all eases when the most economical 
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use is made of electrical power, the energy consumed by all such 
stations, expressed in per cent of the total electrical energy re- 
quired to pump at the maximum design rate, is equal to the ca- 
pacity factor expressed in per cent of maximum capacity raised 
approximately to the 2.2 power, as developed later in Fig. 6. 

This rule will follow when specific months are selected from 
Figs. 1 and 2. The rule will also follow approximately when the 
annual average deliveries are considered for years taken as a 
whole. 


6 9S 
40,000 — 8 
$20,000 
Capacity 
factor 
57.8% 68.0% 87.0% 64.5% | 88.5% 
1928,A6TbbIs 9,021,589 | 11,505,078 | I1,/56,847 | 11,711,590 
A 
aN 
600 _A N 
Wey 
Load 
Factor 
So 230.8%'1 Yo 47.2% 73.6 % 67.8 % 71.8% 
770,000 Kwhr- 4,720,000 | 7,867,440 |6,784,400 | 7,181,700 
1931 1932 1933 1934 1935 


Fic. 1 Pumprne CapaciTies AND ENERGY REQUIREMENTS OF THE 
AupHA LINE 


operated, building up pressures at each of the stations of only 
one third of the total pressures or perhaps 220 lb per sq in., and 
the mechanical efficiency dropped down to 55 per cent. This 
method of pumping is very uneconomical, since the kilowatt- 
hours per barrel per hundred miles was increased to 0.32, or 
approximately two and one half times the energy required had 
the pump of station A been permitted to pump the entire dis- 
tance of 191.4 miles against the high design pressure of about 800 
lb per sq in. 

Referring to Fig. 3a, note that the points on the curve for 
kilowatthours per barrel per 100 miles for selected months 
very closely approximate the points for yearly averages of kilo- 
watthours per barrel per 100 miles taken from Fig. 1, tending to 
lend considerable merit to the mechanical efficiency of plunger 
pumps as given in Table 1 for the Alpha line. 

The computed results in Table 1 for the Omega pipe line 
equipped with centrifugal pumps, indicate that the pump ef- 
ficiency when operating at a maximum capacity of 40,000 bbl 
per day is about 60 per cent, and that when the discharge is 
throttled for lower capacities the efficiency points are lower, 
as would be expected. In this line, two pump units are used in 
series until the capacity drops to about 70 per cent of the maxi- 
mum, at which point the line pressure is only one half that of the 
line pressure required for 100 per cent capacity and, therefore, 
one pump unit will deliver the required pressure. Note, in Fig. 
3b that when this condition prevails, namely, when the average 
daily pumping requirements are only 70 per cent of the maximum, 
or 40,000 bbl per day in this case, the efficiency of the single 
pump unit is 55 per cent, but no doubt the mechanical efficiency 
would be higher if the pipe line did not act as a throttle to the 
pump. This can readily be illustrated by extending the ef- 
ficiency curve for the single pump unit in Fig. 3b to the point 


Table 1 is prepared from specific typi- 
cal months to determine the pump effi- > 
ciencies at various ratesof pumping. The 9 49 al 
in kilowatthours per barrel pumped per 9 °%°°° 4 
100 miles, in order to make the results 2 
comparable for both pipe lines, since §, 10,0001 
= eng 12,850,474 | 12,275,035 | 10,509,829 | 1/,245,86/_|8,688, 550 _|7,358,624 
es apart, while on the Omega line 
are spaced about 32 miles apart. % 
The computed results shown in Table 2,000 
1 for the Alpha pipe line equipped with % — a 
duplex double-acting plunger-pump sta- n 
tions, indicate the very high average me- ] 
chanical efficiency of 98 per cent for the rs 31,400 
pumps when operating at their designed = 21,200 | \ 
maximum ratings using both plungers. In 
the case where 25,000 bbl were pumped 5 G1000 
per day, one of the duplex pumps was © 2 800 
operated with one plunger disconnected 5 An 
from the crosshead, and the overall me- 3+ / 
chanical efficiency dropped to an average F = | 775% | | 49.7% | 505% 500% 
of 85 per cent for this condition. Again 200 170 862,500Kwhr 16,177,000 | 14,296,736 | 10,348,700 | 11,790,300 | 6,206,600 | 12,081,600 
note that when only one pump was re- 
1929 1930 1931 1932 1933 1934 1935 


quired as in January, 1932, pumping 
17,500 bbl per day, its maximum capac- 
ity, against fairly high pressures, the me- 
chanical efficiency again was of the order of 96 per cent, or that 
achieved when both pumps were operated at high design pres- 
sures. In this case station A pumped through stations B and C, 
that is, the entire length of the line or 191.4 miles. 

In April, 1933, the same average volume of 17,500 bbl per day 
was pumped, but each of the three stations, A, B, and C was 
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where 40,000 bbl would be pumped per day, at which point the 
single pump unit would show an efficiency of 68 per cent, the 
original factory guarantee. 

Also, it may be said that the mechanical efficiencies of the 
centrifugal pump as derived from data given in Table 1 may n0 
be exactly fair to the centrifugal pump, since the mechanical 
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TABLE 1 
Average Total Average 
(a) Alpha pipe line® daily kwhr flui 
barrels con- theoretical 
Time period selected pumped sumed hp 
30,500 535,000 875 
May, 1932. . 370,000 506 
January, 19320. . 17,500 135,000 196 
17,500 320,000 196 
(6) Omega pipe lined 
1,000 1,000,000 865 
28,000 740,000 660 
September, 1932............ 25,000 540,000 485 


® The 10-in. Alpha line is equip 
» Station A pumped to destination, a distance of 191.4 miles. 
¢ Stations A, B, and C in operation. 
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DETERMINATION OF PUMP EFFICIENCIES FROM FIGS. 1 AND 2 FOR SPECIFIC MONTHS 


Average Average Overall Guaranteed Deter- 
total electrical effi- motor mined pump Kwhr per 
Ib per — ciency, efficiency, efficiency, bbl per 
sq 1D per cent percent per cent 100 miles 
2325 1550 90 92 98 0.403 
1725 960 90 92 98 0.296 
1190 663 76 90 85 0.250 
655 243 81 85 96 0.131 
655 595 33 60 55 0.320 
2520 3100 56 60 1.130 
2020 2420 50 94 0.990 
1640 1970 44 93 48 0.920 
1380 1320 50 92 0.680 
1130 1000 48 91 52 0.580 
760 640 41 45 0.460 


ped with plunger pumps and is 191.4 miles long. 


4 The 10-in. ‘Omega line is equipped with centrifugal pumps and is ~ ooo long. 


* Pump driven by a 400-hp motor operated at stations W, X, Y 


/ Pump driven by a 400-hp motor operated at stations W and Y only, 


efficiency depends on knowing the fluid or theoretical horse- 
power, and this factor cannot be positively calculated from the 
data submitted unless more information on the actual pumping 
pressures, under all conditions of capacity, is made available at 
each of the stations. Again note from Fig. 3b that the points 
showing the annual average kilowatthours per barrel per 100 
miles fall very close to the curve for kilowatthours per barrel per 
100 miles for specific months, tending to lend considerable merit 
to the pump mechanical efficiencies given in Table 1 for centri- 
fugal pumps in the Omega line. 

After having determined the approximate energy required to 
pump given volumes of crude oil through several pipe lines, and 
having determined the mechanical efficiency of the two accepted 
types of plunger and centrifugal pumps, the author deemed it of 
importance to show the actual costs of operation, after taking 
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Fic. 3 Grapuic REPRESENTATION OF Resutts LisTep IN TABLE 1 


into account all charges, had the Omega line been equipped in 
1928 with plunger pumps driven with 350-hp, 585-rpm induc- 
tion motors. 


Comparison or Pumpine Costs 
Had the Omega pipe line been equipped with plunger pumps, 


0.8 the energy required by 
3 as such pumps would be in 
Ls ; inverse proportion to the 
c 06 respective determined 
x overall (motor and pump) 
£ 05 efficiencies given in Table 
a 1 and shown graphically 
04 in Fig. 3. The mechani- 
cs as cal efficiencies plotted in 
Pat Fig. 3 are for both types 
~ 02 of pumps but for different 
a. capacities, and are taken 
from actual data. 
Fig. 4 shows the energy 


% 10 20 30 40 50 which would be required 

Barrels per Day, Thousands if the Omega line were 

Eneroy Requirep BY PLUNGER equipped with plunger 

Pumps OPERATING ON THE OmeGa Line Pumps, and pumping the 

same type of crude oil, 

that is, oil with a viscosity of 100 S. sec U. and an A.P.I. gravity 
of 30 deg. 

In 1928 centrifugal pumps with speeds of 3600 rpm were not 
very well received by pump designers. Since that time per- 
formance and cost data on these pumps have become available, 
and the comparison of pumping costs outlined in this paper was 
selected because the author believes such a comparison will be of 
interest to design engineers and will enable them to make the 
proper selection of pumps at this time. 

The pumping stations on the Omega line, equipped with three 
centrifugal pumps, each driven by a 400-hp motor running at 
1760 rpm, have a capacity of 40,000 bb] per day. This capacity 
is delivered with two pumps in series at a pressure of about 
800 lb per sq in. One 400-hp unit is for stand-by purposes. The 
total cost of each station was approximately $70,000. 

If plunger-pump stations were installed on the Omega line, 
they would probably be equipped with three 5'/; X 24-in. duplex 
double-acting pumps geared to 350-hp motors running at 585 rpm. 
Each of these pumps would be capable of delivering 20,000 bbl 
per day, or with two pumps in parallel, the capacity would be 
40,000 barrels per day, this latter volume being the same as the 
capacity of the two centrifugal pumps in series. One 350-hp 
unit would be used for stand-by purposes. The total cost of 
such a station is estimated at $110,000. 

Table 2 has been prepared to show the annual operating costs 
of plunger-pump stations on the Omega line. The theoretical 
costs were determined from Figs. 2 and 4. The cost per kilo- 
watthour per barrel per 100 miles for pumping oil with plunger 
pumps was taken from Fig. 4, while the average annual volume 
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TABLE 2 ANNUAL OPERATING CHARGES FOR THE OMEGA PIPE LINE OVER A PERIOD OF 7 YEARS, AT THE ANNUAL AVERAGE 
RATES SHOWN IN FIG. 2 


(a) Theoretical costs for plunger pumps and induction motors 


Operating costs: 


Labor: 5 men @ $675 per month per station............cccceccccccseves 
Electric pa average kwhr per bbl per 100 miles from Fig. 4 X 1.26 @ lc 


per kw 


(b) Actual costs for centrifugal pumps and induction motors 
Operating costs: 


whr from Fig. 2 @ le per EWhr.......cccccccceces 

Accumulated savings in favor of plunger pumps, compounded at 4 percentannually $ 67,125 


Labor: 5 men @ $675 = month 
Electric power: actual 


of oil pumped in the Omega line was taken from Fig. 2. The 
actual operating costs for the Omega line equipped with centri- 
fugal pumps were calculated from data given in Fig. 2. The 
actual depreciation charges are omitted in this comparison in 
order that the retirement period of the more costly pumping sta- 
tions, if any, can be determined more readily. Fixed charges, 
therefore, consist only of 6 per cent interest, and 2 per cent taxes 
and insurance, or a total of 8 per cent. 

Referring to Table 2, it is noted that in every year of the 
7-year life of this line, plunger pumps operated more cheaply 
than the centrifugal pumps actually operated. In fact, the 
difference in pumping-station investment ($440,000 — $280,000) 
of $160,000 could have been retired in 2.4 years had the high 
capacity factor of 1929 been maintained in the succeeding 1'/; 
years. Actually the plunger pumps would have paid for them- 
selves before the end of the third year. Note that in 1934, with 
an annual average capacity factor of 60 per cent, the savings 
accomplished by the theoretical plunger-pump stations are the 
smallest in the 7-year period. In this case, if 10-years’ depre- 
ciation were added to both annual operating costs, the costs on 
the centrifugal-pump stations would equal the costs on the 
plunger-pump station. Therefore, it may be said that plunger- 
pump installations operated with electric motors would prove 
more economical than centrifugal-pump stations in almost all 
cases, since most pipe lines are installed to operate at relatively 
high capacity factors, usually in excess of 75 per cent during 
the first few years of their installed life. This conclusion, how- 
ever, is not definite or fair to present-day centrifugal pumps. 

Most centrifugal oil-line pumps today are equipped with induc- 
tion motors and operate at approximately 3600 rpm, and ef- 
ficiencies of 75 to 80 per cent are obtainable with such units when 
volumes of 40,000 bbl per day and larger are pumped. Thus, if 
centrifugal pumps with a mechanical efficiency of 75 per cent at 
the maximum rated volume had been available in 1928, the year 
in which the Omega pipe line was constructed, the overall ef- 
ficiency of pump and motor would have been (75 X 94, respec- 
tively) or about 70 per cent instead of 56 per cent, as given in 
Table 1 (6) for maximum volume. This increased efficiency 
would have resulted in a power consumption of perhaps 20 per 
cent under that shown in Fig. 2. 

The higher-speed units would be cheaper to install than the 
slower-speed units, the approximate saving being $5000 per 
station, thus giving a total cost of $65,000 per station. The 
difference in first cost between a pipe line with four stations 
equipped with high-speed centrifugal pumps and a pipe line 
with four plunger-pump stations would be ($440,000 — $260,000) 
$180,000 instead of $160,000. This would extend the retirement 
period of plunger-pump stations over high-speed centrifugal- 
pump stations to 14 years or longer, instead of about 3 years, as 
given in Table 2 for the slow-speed centrifugal-pump stations. 


eee 1929 1930 1931 1932 1933 1934 1935 
eee 39,800 35,200 33,600 29,000 30,800 23,800 31,100 
-.. $ 35,200 35,200 35,200 35,200 35,200 35,200 35,200 
... §$ 32,400 32,400 32,400 32,400 32,400 32,400 32,400 
...  $129,00 95,000 84,000 58,600 69,000 33,800 71,600 
... $ 2,100 2,100 2,100 2,100 2,100 2,100 2,100 
$198,700 164,700 153,700 128,300 138,700 103,500 141,300 
-.. $ 22,400 22,400 22,400 22,400 22,400 22,400 22,400 
aos 32,400 32,400 32,400 32,400 32,400 32,400 32,400 
-.. $208,625 161,770 142,967 103,487 117,903 62,066 120,816 
--. $ 2,400 2,400 2,400 2,400 2,400 2,400 2,400 
... $265,825 218,970 200,167 160,687 175,103 119,266 178,016 
124,020 175,467 214,887 260,403 286,766 334,716 
«+. $ 67,125 54,270 46,467 32,387 36,403 15,766 36,716 


Note that the accumulated annual savings in Table 2, if com- 
pounded at 4 per cent, amount at the end of the 7-year period to 
$334,716 in favor of installing plunger pumps, which in effect is 
more than twice the increased cost of plunger pumps over centri- 
fugal pumps. 

The use of synchronous motors for oil-line pumping is not dis- 
cussed in this paper. Although it is true that the synchronous 
motor inherently has a higher efficiency than the induction 
motor by perhaps several points, the saving in power cost by 
using synchronous motors may easily be overcome by the fixed 
charges on the increased first cost of the synchronous motor, 
coupled with the fixed charges on increased station cost re- 
quiring the installation of a fire wall between the motor and pump. 


Costs ENainges Drivina THE Pumps 


This paper has dealt with efficiencies of plunger and centri- 
fugal pumps. However, it would not be complete without 
showing the pumping costs, if oil engines were used instead of 
motors. The results of electric operation so far indicate that the 
plunger-pump installation is cheaper to operate, after all fac- 
tors of annual operation charges are considered including de- 
preciation for a life of 15 to 20 years, than installations using 
modern highly efficient 3600-rpm centrifugal pumps, and there- 
fore the comparison between motors and engines will be based 
on using plunger pumps with oil-engine prime movers, and induc- 
tion-motor prime movers. 

The station equipped with oil-engines for driving plunger 
pumps will be assumed to have three 350-hp engines operating 
at 250 rpm, each driving 20,000-bbl plunger pumps. The in- 
stallation cost of each station is $200,000, including working 
tanks, cottages, and all necessary auxiliary equipment. The 
brake energy required to be generated by the oil engines will be 
assumed the same as the electric energy purchased for the induc- 
tion-motor plunger-pump stations, less the motor losses. Thus, 
for the sake of simplicity, the electric energy used by plunger 
pumps for various capacities as shown in Fig. 4 times 0.90 (the 
average motor efficiency) will be used as the kilowatt-hours per 
barrel per 100 miles required by oil engines to perform the same 
work on the Omega line. Table 3 compares the total pumping 
charges of stations operated with oil engines and stations oper- 
ated with induction motors, including the cost of the 10-in. pipe 
line 126 miles long, station costs and all apparent operating 
costs for the 7-year period of operation of the Omega line. The 
figures in Table 3 also allow for depreciation over a 20-year 
period at 5 per cent per year. 

Referring to the results given in Table 3, it is noted that elec- 
tric-driven plunger pumps operate cheaper than pumps driven 
by oil engines in all of the 7 years with the exception of the first 
year (1929), when the capacity factor was 100 per cent. In other 
words, when the annual pumpings are less than about 90 per cent 
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PETROLEUM MECHANICAL ENGINEERING 


TABLE 3 ESTIMATED ANNUAL OPERATING CHARGES FOR THE 
BOTH INDUCTION MOT 

(a) Oil engines to plunger pumps 

Year 


Operating costs: 


PME-59-2 251 


OMEGA PIPE LINE, USING PLUNGER PUMPS OPERATED WITH 
ORS AND OIL ENGINES 


Interest, depreciation, and taxes 13 per cent on 126 miles of 10-in. pipe line @ 


$10,500 per mile 
Depreciation (20 year) 5 per cent on station cost of $800,000 
Interest and taxes 8 per cent of station cost of $800,000 
Labor: 8 men per station @ $1125 per month 
Fuel: average cost per bbl by the year 


Fuel cost: kwhr converted from Fig. 4 to bhp-hr, 600 bhp-hr per bbl, @ average 


(b) Induction motors to plunger pumps 
Operating costs: 


Interest, depreciation, and taxes 13 per cent on 126 miles of 10-in. pipe line @ 


$10,500 per mile 
Depreciation (20 year) 5 per cent on station cost of $440,000 
Additional operating expense taken from Table 2 (a) 


of the maximum capacity of the units, the electric-driven plunger 
pumps operate cheaper for all prices of crude oil used for fuel in 
the engines, costing $1.43 per bbl in 1930 to 86 cents per bbl in 
1933, provided electric power costs approximate 1 cent per kwhr. 
The fuel costs used were taken as the average market price of crude 
during the year, plus 10 cents gathering charge per barrel, plus the 
tariff for transporting the oil one half the distance in the pipe line. 

Since the value of fuel is a variable quantity from year to 
year, it is interesting to compare the price of electric power for 
the 7-year period with specific values of fuel 


ears 1929 1930 1931 1932 1933 1934 1935 
39,800 35,200 33,600 23, 1, 

-.. $172,000 172,000 172,000 172,000 172,000 172,000 172,000 
40,000 0,000 0,000 0,000 40,000 0,000 40,000 
$64,000 64,000 64,000 64,000 4,000 64,000 
$ 54,000 54,000 54,000 x 54, ,000 54,000 
1.48 1.43 0.93 1.13 0 1.26 -26 
--. $38,000 27,200 16,000 13,300 11,700 8,830 17,600 
900 2,560 2,450 2,100 2,250 1,740 2,270 
$ 8,400 8,400 ,400 8,400 8,400 8,400 400 
368,160 354,850 353,800 352,350 348,970 357,870 
rer 2.61 2.86 2.88 3.35 3.12 4.02 3.14 
-.. $172,000 172,000 172,000 172,000 172,000 172,000 172,000 
22,000 22,000 22,000 22,000 22,000 22,000 22,000 
164,700 153,700 128,300 138,700 103,500 141,300 
-.+ $392,700 358,700 347,700 322,300 332,700 297,500 335,300 
ove 2.70 2.78 2.83 3.07 2.95 3.42 2.94 


In order that a definite method of determining the actual 
amount of electric energy required in all pumping stations along 
a given pipe line for various conditions of capacity can be worked 
out, the average annual capacity factors for the Alpha pipe line 
from Fig. 1 and the average annual capacity factors for the 
Omega line from Fig. 2 are plotted in Fig. 6 against the percent- 
age of maximum electric energy purchased. The curve shown 
in Fig. 6, drawn as an average between all those points, verifies 
the assumption made previously, that if the capacity factor ex- 


oil or crude at $1 and $1.50 per bbl, using the £ 100 aiphe Par9 
capacity factor achieved during this period. & 3 > Omega © 

These values are plotted in Fig. inorder that > 26 

proper comparisons can be drawn. 80 1933: 

From Fig. 5 it will be noted that electric Y 
energy should be sold at an average cost of EE 70 ch 
about 0.9 cent per kwhr during 1929 when the 5 
capacity factor achieved was 100 percent,and § ©0 1935 
the value of crude was $1.48 per bbl. In suc- og 2\\r == 50 Vi mm 
ceeding years, when the average capacity factor 18 \ 1932 E1952 
was lower than 100 per cent, the electric power oS - °® 49 | A 
would have demanded a higher sale price for = 2 16 en > 193! 
the electric operating costs to equal the engine 
operating costs. In fact, during 1934, when > 
the capacity factor was about 60 per cent, elec- 5 1.2 935. | & 20 
tric power charges could have been about 2.5 © 93): 50 60 70 80 * 100 10 
cents per kwhr with fuel or crude costing E 1.0 rchased 19307 Per Cent Capacity Factor 
$1.25 per bbl, the average cost of fuel during og ower 1929 Foo. 6 
1934. “50 60 70 80 90 100 110 Factor anp Exectric Power REQuirRED 

However, the power was purchased at an PerCent Capacity Factor IN ALL Poaaan Sena THE ALPHA 


average cost of 1 cent per kwhr for the entire 
7 years, because each month a high electric 
load factor was attained in each of the pumping 
stations, and all electric power is usually sold 
on the basis of load factor attained during the specific month. 

The popular conception of power charges for pipe-line pump- 
ing is that the rate per kilowatthour should be a fixed amount on 
4 flat basis to enable electrically driven stations to compete with 
stations equipped with oil-engine units, and therefore, to dis- 
prove this theory, the permissible rates per kilowatthour in 
ents are shown for the 7 years’ operation in Fig. 5. Note that 
such permissible annual average costs of electric energy in Fig. 5 
fall on definite curves for the two values of fuel oil considered. 

The cost of electric energy at 1 cent per kwhr, being constant 
value throughout the 7-year period, cuts the curve of permissible 
tectric-energy cost for both values of fuel oil at a capacity factor 
#f about 90 per cent. 


Fic. 5 Evecrric-Enercy Cost 
Witt Permit ELectric OPERATION TO 
EqvuaL O1m-ENGINE OPERATION Costs 


(Per cent maximum electric-energy require- 
ments equals per cent capacity factor raised 
to the 2.2 power.) 


pressed as a percentage is raised to the 2.2 power, the resultant 
percentage will determine the amount of electrical energy re- 
quired in all stations in terms of per cent of the maximum electric 
energy required. 


OperRATING Cost Usine A 12-IN. 


The use of larger pipe diameters and a smaller number of sta- 
tions has always been considered by pipe-line engineers, but rarely 
practiced or recommended. Since an attempt was made pre- 
viously in this paper to determine the actual pumping costs for 
the 10-in. Omega line with four pumping stations equipped with 
electrically driven plunger pumps, as given in part b of Table 3, 
a study of comparative costs could readily be made to show the 
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TABLE 4 ESTIMATED ANNUAL ornate CHARGES FOR THE OMEGA PIPE LINE, USING 10-IN. PIPE AND 12-IN. PIPE WITH 
UNGER PUMPS DRIVEN BY INDUCTION MOTORS 


(a) Four 700-hp stations pumping through a 10-in. pipe line ($1,765,000 total cost) 


Operating cost: 


Same total costs as shown in Table 3 


ees 1929 1930 1931 
Sos 39,800 35,200 33,600 29,000 30,800 23,800 31,100 


$392,700 358,700 347,700 322,300 332,700 
ess 2.70 2.78 2.83 3.07 2.94 3.42 2.95 


1932 1933 1934 1935 


297,500 335,300 


(6) Two 700-hp stations pumping through a 12-in. pipe line ($1,795,000 total cost) 


Operating costs: 


Interest, depreciation, and taxes 13 per cent on 126 miles of 12-in. pipe line @ 


Interest, depreciation, and taxes 13 per cent on station cost of $220,000...... 


Labor: 5 men, @ 


--. $205,000 205,000 205,000 205,000 205,000 205,000 205,000 
28,500 28,500 


Electric power: kwhr per bbl per 100 miles from Fig. 4 X 0.45 X 1.26 @ 


pumping costs if the Omega Pipe Line Company installed 12-in. 
pipe and used two pumping stations on the 126-mile line. 

Since the working pressures for a 12-in. line are only about 45 
per cent of the working pressures of a 10-in. line for given capaci- 
ties, the kilowatthours per barrel per 100 miles required to pump 
oil through a 10-in. line using plunger pumps, as shown in Fig. 4, 
can be converted to kilowatthours per barrel per 100 miles re- 
quired to pump the same type of crude oil through a 12-in. line 
and 2 pumping stations, by multiplying the values shown in 
Fig. 4 by 0.45. 

The elevations of stations W, ., Y, and Z of the Omega line 
indicate that (1) the pumping stations in the 12-in. line could 
be located at W and Y, (2) that a balanced pressure at each 
of the proposed pumping stations could be obtained, (3) that the 
maximum capacity of 40,000 bbl of crude oil with a viscosity of 
100 S. sec U. and an A.P.I. gravity of 30 deg could be delivered 
each day, and (4) that the initial pressures at stations W and Y 
would not exceed 700 lb per sq in., the maximum allowable 
working pressure for 12-in. pipe. The comparative costs per 
year for pumping in the Omega line, for 10-in. and 12-in. pipe, 
are given in Table 4. The average capacities shown in Fig. 2 
were used in making this comparison. 

The values in Table 4 indicate that in every year of the opera- 
tion of the Omega line, the 12-in. pipe line with 2 pumping sta- 
tions would have operated cheaper than the 10-in. line equipped 
with four stations. The investment difference is only $30,000 
in favor of the smaller line, but this amount is recoverable in 
operating-cost savings during the first four months of 1929 if 
the 12-in. line were used. 

Again, the results given in Table 4, showing the actual pump- 
ing costs for 10-in. pipe through four stations, and 12-in. pipe 
through two stations, indicate that the larger pipe and a smaller 
number of stations should be installed. Fig. 7 shows the rela- 
tion between the velocity of the oil flowing in the 10-in. and 12-in. 
pipe lines, and the total cost in cents per barrel per 100 miles for 
both pipe diameters. Note that the lowest operating costs are 
achieved when the velocity is about 2.5 fps for the average ca- 
pacity of about 30,000 bbl per day, the actual volume during 
1933 and 1935. The fact that lower average pumping charges 
are achieved with larger pipe and a smaller number of pump sta- 
tions may lead to the conclusion that the most economical velocity 
at which to pump oil through pipe lines is somewhere between 
2.5 and 3.5 fps. 


ConcLusION 
The mechanical efficiency of plunger pumps is very high and 
is of the order of 96 to 98 per cent when operated against high 
pressures. 
Again, after analyzing all information and results obtained in 
this paper, it may be said that plunger pumps driven with elec- 


$308,350 293,450 289,250 
oes 2.12 2.28 2.36 2.63 2.50 3.07 2.48 


$ 28,500 28,500 28,500 28,500 28,500 
--- $16,200 16,200 16,200 16,200 16,200 16,200 16,200 
$57,600 42,700 38,500 26,800 30,800 15,750 31,600 


--- §$ 1,050 1,050 1,050 1,050 1,050 1,050 1,050 


277,550 281,550 266,500 282,350 


tric motors should be in- 3 

stalled in trunk-pipe-line : | | 
stations, if the line isto Costs for 
remain in service 15 to Ye" | /0in.Line 
20 years or longer, and | 

if electric power can be UV * = 51935 
purchased at approxi- $5 |\ 1933 193) 
mately 1 cent perkwhr 
for monthly load factors 9, yy? 1935 192 
of 75 to 90 per cent. On 19339. CO 
the other hand, if the 22 | 3.919% A i2in.Line 
proposed pipe line is con- 5 “45/929 

templated to be in use —® 

from 5 to 10 years only, + 

and electric power can 2 3 


be purchased for 1 cent 
per kwhr for monthly 
load factors of 75 to 90 
per cent, the use of cen- 
trifugal pumps running 
at approximately 3600 rpm is economically justified. 

Oil engines to drive plunger pumps should be installed on pro- 
posed pipe lines which will have an economic life of 20 years or 
longer, if cost of crude oil for fuel is estimated not to exceed 
$1.50 per bbl, and if electric energy is not available or cannot 
be purchased at high monthly load factors for less than 1 cent 
per kwhr, and further, if a capacity factor of 90 to 100 per cent 
can be guaranteed year after year during the entire life, or greater 
portion of the life of the pipe line. 

The history of the Alpha line is that its average capacity factor 
over 5 years is 77.2 per cent, and the capacity factor of the Omega 
line is 80.1 per cent over a 7-year period, and yet they are both 
considered as trunk pipe lines. 

Economic use of electric-power facilities on long pipe lines 
having a number of pumping stations, equipped with either 
plunger or centrifugal pumps, will now permit definite pre- 
dictions to be made as to the amount of electric energy required 
to perform pumping operations when the capacity factor is 
known, or estimated, by simply raising such capacity factor, 
expressed as a percentage, to the 2.2 power, to determine the 
daily, monthly, or annual percentage of the maximum electric- 
energy requirements for that given period. It is significant that 
Fig. 6 shows a rapid falling off of total electric-energy require- 
ments when the capacity factor is slightly lowered. 

The use of larger pipe diameters and a smaller number of pump 
stations is fully justified, from a standpoint of receiving a quick 
retirement of the increased investment of such larger pipe. As 
general rule it may be stated that the most economical plan in 
pipe-line design is to limit the velocity to approximately 3 fps, 
rather than to use higher velocities of the order of 4 to 5 fps. 


Average Velocity,Ftper Sec 
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Selection of Wood for Industrial Uses 


By R. P. A. JOHNSON,' MADISON, WIS. 


The author discusses the selection of woods for various 
industrial uses as based upon the physical properties of 
the woods and requirements which the wood product must 
meet. He classifies a number of woods according to their 
warping, end-splitting, turning, planing, and bending 
qualities, and also rates them in the order of their tend- 
ency to transmit odor and taste. Charts are presented 
which show the distribution of the quantity of wood used 
in the manufacture of such products as furniture, agricul- 
tural implements, automobiles, railroad cars, refrigera- 
tors, cabinets, handles, and ladders. The adoption of a 
wood for the manufacture of a given product and the sub- 
stitution of one wood for another, based on controlling the 
physical properties of the wood by treating it, are also dis- 
cussed. 


ISE SELECTION of wood for a given use necessitates 

first, the determination of the requirements of that use. 

Good engineering judgment and careful observation are 
essential to determine which properties are required for satisfac- 
tory service and which properties are the most important. The 
selection of the proper wood is primarily the responsibility of the 
engineer on the job, because the requirements of use vary with 
conditions in the plant, the quality of articles produced, and the 
conditions to which the articles will be subjected in service. The 
wood best adapted to a given use will, therefore, not always be 
the same. Ash and southern yellow pine furnish an examp'.: of 
widely different woods used successfully for the same »rticle. 
Ash is used for bats for college, semiprofessional, and professional 
ball players. Southern yellow pine serves equally well as ash 
for bats for small boys of the grade-school age because for chil- 
dren’s bats the strength and toughness requirements are not so 
high. The necessity for careful observation is illustrated in a 
mistake commonly made in selecting wood for diving boards. 
Decay-resistant woods are often selected because of the wetting 
to which the boards are subjected. Diving boards, however, 
usually fail mechanically in less than two years if they are sub- 
jected to continuous use, such as at popular public beaches. The 
selection of a comparatively high-priced, weak wood of high de- 
cay resistance in preference to a low-priced strong wood of mod- 
erate or low decay resistance, as is often done, is obviously waste- 
ful, because the purchaser is paying for decay resistance, a prop- 
erty of little or no importance to the use requirement. 


‘Senior Engineer, Section of Industrial Investigations, Forest 
Products Laboratory. Mr. Johnson received his B.S. degree in civil 
engineering from Virginia Polytechnic Institute in 1908. He re- 
ceived his M.S. degree in 1928, and a professional degree in civil engi- 
neering from the University of Wisconsin in 1931. Since graduation 
in 1908 he has served continuously in the U. 8S. Forest Service with 
ten years service as a forest ranger, land examiner, surveyor-drafts- 
man, and chief of party. For 18 years he has been located at the 
Forest Products Laboratory conducting researches on the strength 
of wood, properties and uses of wood, and the selection of wood for 
farm, home, and industrial uses. 

Contributed by the Wood Industries Division and presented at a 
meeting of THe AMERICAN SocieTy OF MECHANICAL ENGINEERS, 
held at Niagara Falls, N. Y., September 17 to 19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1937, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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After the requirements of use are determined, the next step in 
the proper selection of wood is the determination of a wood with 
properties which best meet the requirements. Again, good engi- 
neering judgment is needed, since it is only in exceptional uses 
that one wood will excel all others in the properties desired. For 
example, two important requirements for ladder stock are 
strength for safety, and light weight for ease in handling. Spruce 
is light in weight but low in strength when compared with Doug- 
las fir. For each particular type of ladder, it is necessary to de- 
termine the importance of the lightweight requirement. Fur- 
thermore, the wood best adapted to a use may be higher in price 
than one which does not meet the requirements so well. The 
question then is, how much more is the better wood worth? To 
evaluate the difference in properties, especially when they im- 
prove but do not increase the service life, calls for good judgment. 

Investigations of the Forest Products Laboratory have re- 
sulted in the publication of much information on the properties 
of wood. This information furnishes a basis for the selection of 
the wood best adapted to a given use. A large number of the 
publications contain detailed data on such properties as strength, 
weight, decay, and painting characteristics. Recently there was 
published the Wood Handbook,? which gives under one cover the 
accumulation of information previously scattered through a num- 
ber of bulletins. It contains information on strength, shrinkage, 
specific gravity, thermal conductivity, electrical resistance, and 
other properties in units and terms with which the engineer is 
familiar and knows how to use. No detailed discussion of these 
properties is possible or necessary in this paper. 


MACHINING AND BEHAVIOR PROPERTIES OF Woop 


Properties which are not so readily expressed in engineering 
terms often determine the selection of wood for industrial use. 
Little has been published on these properties, and it is only 
through the initiative of the present Wood Industries Division 
of the A.S.M.E. that any attempt has been made to measure and 
record them. The absence of engineering data on such proper- 
ties has resulted in wide differences of opinion as to the extent to 
which individual species possess or do not possess merit for some 
particular use. Prejudice and misconceptions regarding such 
properties have been the cause of considerable loss and poor prac- 
tice in the use of wood. Recently the Forest Products Labora- 
tory has begun to attack the problem of measuring and record- 
ing these properties. The work is still in progress and new meth- 
ods of measuring, as well as units for recording, have been and 
must continue to be developed. As a result of the work to date 
there are now available data which make possible a comparison 
of a number of hardwood species important in industrial use. 
The importance of these properties in the selection of wood for 
some of the industrial uses warrants a brief presentation of the 
more important properties so far studied. 

Warping. Warping is responsible for much waste in fabricat- 
ing and for some unsatisfactory service. It is defined as: “Any 
variation from a true or plane surface. Warp includes bow, 
crook, cup, and twist or any combination thereof.” The twist, 
cup, and bow of samples of southern and Appalachian hardwoods 
representative of the commercial run of the material were meas- 
ured and the data combined into the index values shown in Fig. 1. 


2**Wood Handbook,”’ by Forest Products Laboratory, U. S. De- 
partment of Agriculture, September, 1935. For sale by the Super- 
intendent of Documents, Washington, D. C., 25 cents. 
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The results not only make possible a numerical comparison of 
species but also show that cross grain is the principal cause of 
warping, and woods with interlocking grain have the highest 
index. 

Splitting in Nailing. The splitting of wood in nailing adversely 
affects the strength of joints. Splitting is controllable within 
limits by the shape of the point and the size of the nails. Addi- 
tional nails will generally increase the strength of the joint. The 
splitting tendencies of species are, however, important factors in 
the selecting of wood for certain uses, notably frames to which 
upholstery is fastened in furniture and automobiles. Tests us- 
ing seven-penny box nails in */;-in. material and varying dis- 
tances from the ends resulted in the development of the index 
values shown in Fig. 2. They are based on the number of com- 
plete or through splits. While the index figure may change ma- 
terially under different test conditions, only minor changes in 
the relative position of species are to be expected under different 
test conditions. The application of these results should aid ma- 
terially in reducing losses resulting from erroneous opinions based 
on casual observations. 

Splitting in Screwing. The splitting of wood by screws ad- 
versely affects the strength of joints and fastenings. It is an 
important consideration in determining the size of lead holes in 
framing on which heavy doors are to be hung or where hardware 
is fastened to wood. Some woods which split readily with nails 
make a much better showing with screws. 
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The classification of the species in Fig. 3 is based on the com- 
plete splits resulting from tests made under severe conditions, 
namely, with screws of several sizes driven into */;-in. stock near 
the end. The property is important in the manufacture of re- 
frigerators, automobile body frames, boats, and agricultural 
implements. 

Turning. There is considerable difference in the character of 
surface obtained in turning different woods. The importance 
of turning qualities in the selection of wood lies in the amount of 
sanding required to make turnings acceptable and the number of 
culls. In the past turning qualities have been described only in 
general terms. The numerical values shown in Fig. 4 were ob- 
tained with a modified back knife using specimens conditioned 
to 6, 12, and 20 per cent moisture content. The results showed 
that some species, such as beech and pecan, turned well at any 
moisture content whereas other species, such as willow and cotton- 
wood, give good turnings only at about 6 per cent moisture con- 
tent. The difference in species can be reduced by drying to & 
proper moisture content. The property is important in the selec- 
tion of wood for furniture and interior trim. 

Planing. Much better technic is required with some woods 
than with others to obtain smooth surfaces with a planer. Spe- 
cies differences can be largely eliminated by proper control of 
speed, moisture content, and cutting angle. High cutter-head 
speeds (5400 rpm and 54 fpm feed) gave better results than 
low speeds (3600 rpm and 36 fpm feed). The numerical classifica 
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WOOD INDUSTRIES 


tion shown in Fig. 5 is based on the chip marks, chipped, raised, 
and fuzzy grain that developed in planing samples at 6, 12, and 20 
per cent moisture content with a cabinet planer having knives set 
at a 30-deg angle and operated at the two speeds just mentioned. 
It is possible that additional work using different knife angles 
will show how to reduce further differences due to species. Good 
planing qualities are desired in practically all industrial uses of 
wood. 

Odor and Taste. A tendency to impart odor or taste bars some 
woods from a number of industrial uses. The classification 
shown in Fig. 6 is based on ash as 100 and is the result of tests in 
which butter was used as a test medium. Butter was used be- 
cause of its susceptibility to contamination. Woods unsuited 
for use in butter containers can often be used safely when food 
does not come in direct contact with the wood such as in refrig- 
erators. Any of the first six woods listed in Fig. 6 can be used 
satisfactorily for butter containers. Service tests are required 
to determine the line between acceptable and unacceptable woods 
for other uses, but any wood acceptable for butter containers can 
be used safely for other purposes where a tendency to impart odor 
or taste is objectionable. 

Bending. Most hardwoods can be bent readily into a curved 
form. The comparatively low toughness of softwoods as a group 
makes them difficult to bend without excessive breakage. The 
bending index figures shown in Fig. 7 are based on tests of speci- 
mens selected at random with only knotty, decayed, and checked 
pieces excluded. Many of the specimens would not be consid- 
ered suitable for bending stock because of cross grain they con- 
tain. The index shown in Fig. 7 is a measure of the care neces- 
sary in selecting and handling the different woods rather than a 
measure of the waste that would result from their use, because 
the specimens were bent without end pressure or support on the 
outside of the bend. Bending operations on carefully selected 
material, with equipment capable of supplying the proper end 
pressure and back support, would in all probability result in a 
much smaller spread between species. The index shown in Fig. 
7 is an aid in selecting woods suitable for boat building, certain 
types of furniture, and other uses. 

Use of Data on Machining and Behavior Properties. The 
numerical values shown in Figs. 1 to 7, inclusive, should not 
be used for computing waste because limitations are placed on 
them by test conditions and method of selection. They will in 
all probability not hold under conditions differing materially 
from those under which the tests were made. The relative posi- 
tion of species, however, should remain about as shown. The 
charts should prove a valuable aid until better values result- 
ing from continued work are available in comparing species, and 
in evaluating properties previously arrived at by guess or super- 
ficial observation. 


Woops Usep sy SELECTED INDUSTRIES 


An important aid in the selection of wood for a given use is a 
knowledge of woods which are and have been used for the pur- 
pose. The woods used indicate fairly well the requirements of 
the use. When maple, for example, is the principal wood used it 
indicates that strength and uniform texture are more important 
than decay resistance and ease of working. 

There are available data on the woods used by 48 principal 
wood-consuming industries. These data, given later in this 
paper, were collected by Forest Survey of the U. S. Forest Service 
in cooperation with the Bureau of Census for the years 1928 and 
1933. Additional data collected by the states between 1909 and 
1913 show the woods used in that period. Ten industries have 
been selected with the aid of the Wood Industries Division of 
A.S.M.E. to illustrate the character of data available. The de- 
creased consumption shown in 1933 is largely due to economic 
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conditions. In some uses there has also been a loss of the market 
for wood. 
Furniture. The distribution of woods used in manufacturing 


furniture is shown in Fig. 8. These woods may be roughly 
divided into two groups: (1) Woods used for exposed parts, and 
(2) woods used for concealed parts. 

Appearance, style, and finishing qualities are the properties 
dominating the selection of woods for the first group. Ability to 
stay in place, nonsplitting, good holding power for screws and 
nails are important requirements of the second. Properties and 
use data are of little value in the selection of wood for exposed 
parts of furniture. The shifts from one wood to another are 
practically unpredictable from year to year. 
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Fig. 8 Disrrisution oF Woops UsEpD IN THE MANUFACTURE OF 


FURNITURE 


Red gum, yellow poplar, maple, chestnut, and tupelo hold an 
important place as furniture woods regardless of shifting styles. 
These woods are used largely for core stock or framing and are 
selected on the basis of their properties rather than their appear- 
ance. Red gum and maple are also used as finish woods. 

Motor Vehicles. Strength, uniform working qualities, and high 
nail- and screw-holding qualities are desired in wood for automo- 
bile bodyframes. Fig.9 shows oak, red gum, and maple as the prin- 
cipal woods used. Hickory dropped to a minor position with the 
adoption of wire and disk wheels. The choice between maple, oak, 
ash, and elm is largely one of availability and cost. The woods 
are used interchangeably, sometimes all three being used in a 
single built-up part. Maple is generally preferred because of its 
uniformity, working qualities, and high strength. Red gum has 
the advantages of low weight combined with medium strength 
and nail-holding power. These combined with price and uni- 
form texture are responsible for its use in low-priced cars. 

Railroad-Car Construction. The outstanding woods for rail- 
road-car construction and repair are southern yellow pine and 
Douglas fir as shown in Fig. 10. Availability and price are prob- 
ably a larger factor in the extensive use of these woods than their 
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strength, decay resistance, and ease of fabrication. Oak is still 
used in frames for its shock-resisting and high nail- and screw- 
holding qualities. The substitution of steel for oak is largely re- 
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REFRIGERATORS AND KITCHEN CABINETS 


sponsible for the percentage decrease in its use as shown in Fig. 
10. 
Agricultural Implements. The requirements for agricultural 
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implements differ with individual units. Hay rakes, threshing 
machines, and seed drills not only differ widely in their require- 
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Refrigerators. 


The wood requirements for refrigerators have 
been entirely changed by electric refrigeration. 


Fig. 16 Disrrrpution oF Woops Usep ror Lappers, PENCILS 


Oak is used because of its toughness and southern yellow pine 
because of its ease of seasoning, light weight, moderate strength, 
Itis and price. 
difficult to generalize over such a wide range. Fig. 11 shows that 
fouthern yellow pine and oak are the woods most extensively used. 
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net has replaced the wood cabinet, which accounts for the reduc- 
tion in the use of oak, ash, and elm shown in Fig. 12. The pre- 
dominating woods are now spruce, hemlock, and Douglas fir. 
These woods are used for frames. The hemlock and spruce differ 
little in strength. Hemlock is slightly heavier and stronger than 
spruce but the latter is stronger for its weight. Neither spruce nor 
hemlock impart any objectionable odor or taste to food. Both 
woods are low in decay resistance. Douglas fir is stronger and has 
more decay resistance than spruce or hemlock, but it has a slight 
resinous odor. The principal woods used are selected because of 
their availability and price rather than their properties, although 
woods with a strong odor are banned. 

Caskets and Coffins. Decay resistance is considered the most 
important requirement for caskets and coffins. It is responsible 
for the extensive use of chestnut and cypress, as shown in Fig. 13. 
Observations made on caskets and coffins removed from a burial 
ground after 20 years indicate the failures that had occurred were 
principally mechanical. Where decay was responsible for fail- 
ure, it was found that all heart grades had not been used. The 
mechanical failures do not indicate the necessity of selecting other 
species, but rather the necessity of improved bracing and design. 

The trend toward uncovered hardwood caskets introduces a 
new requirement. Appearance is important in uncovered wood 
caskets and will result in an increased use of woods with high or 
moderate decay resistance, as black walnut, chestnut, white oak. 

Firearms. Black walnut, as shown in Fig. 14, is the outstand- 
ing wood used in firearms. It meets the requirements for beauty, 
stability, and hardness. Birch and red gum are used in lower- 
priced guns. Birch has the hardness but lacks the stability of 
walnut. Red gum has neither the hardness nor the stability of 
walnut, but is used as a substitute because it can be finished to 
closely resemble walnut. 

Handles. Hickory and ash stand out from other woods in 
their ability to meet exacting requirements of handles as shown in 
Fig. 15. Hickory is outstanding because of its combination of 
toughness, stiffness, and breaking strength, all of which are re- 
quired in axe, maul, and similar handles. In addition, hickory 
turns well and wears smooth. Ash is outstanding because of its 
high toughness and breaking strength, for its weight, and its low 
warping, all of which are the requirements for pitch forks, rakes, 
hoes, and other long handles subjected to heavy use. Beech, 
birch, and maple are extensively used for hammers, small tools, 
and other short handles where smoothness in turning is more 
important than weight or toughness. 

Pencils and Pen Holders. The requirements for good pencil 
wood, as stated by manufacturers, are even texture, straight 
grain, softness, slight brittleness, dark red in color, slightly aro- 
matic, and light weight. The requirements that wood be 
dark red in color and slightly aromatic are interesting in that they 
have nothing to do with the serviceability of a pencil. 

Eastern red cedar was and is still considered the outstanding 
pencil wood of the world. Incense cedar has supplanted eastern 
red cedar as shown in Fig. 16, not because it is considered better, 
but because of an inadequate supply of eastern red cedar. Brittle- 
ness is also a questionable requirement because the preferred 
eastern red cedar is more than twice as tough as incense cedar. 
Eastern red cedar is also the hardest of the cedars, indicating, 
that within limits, hardness is not so important as it is rated. 
The search for a substitute for eastern red cedar has been com- 
plicated by an erroneous conception of the actual property re- 
quirements. Any of the cedars, a number of junipers, redwood, 
and white pine all have properties favorable to their use as pencil 
woods. Prejudice prevents their serious consideration. 

Ladders. The properties that contribute to satisfactory ser- 
vice have been used to classify woods for use in ladder construc- 
tion. The classification groups woods for side rails on the bases 


of the required percentage increase or permissible decrease of re- 
quirement for spruce for each cross-sectional dimension.* 

Spruce is not only the standard but is also the principal wood 
used in the construction of ladders, as shown in Fig. 16. Its high 
ratio of strength to weight is largely responsible for its high rating 
as a ladder wood. Its light color is responsible for the demand 
for light-colored wood for ladders, although color has no service 
value and appearance is of minor or no importance in ladders. 
Western hemlock, which ranks next to spruce in the use of wood 
for ladders, makes an excellent substitute for spruce. While 
the properties of western hemlock do not meet ladder require- 
ments as well as spruce, some manufacturers have found it easier 
to obtain satisfactory hemlock than spruce, principally because 
the best quality of spruce is selected for airplanes and other more 
exacting uses. Southern yellow pine and Douglas fir are used in 
ladders where the strength-weight ratio is not so important. 
They make stronger but heavier ladders. 

Rungs and cleats of ladders are of hard woods, white ash being 
used as a standard. Fig. 16 shows that hickory is the principal 
wood used for this purpose. Hickory is superior to ash in 
strength and wearing qualities. It is, however, heavier and does 
not have as favorable a strength-weight ratio. 

Significance of Species Used. The extensive use of wood for a 
given purpose indicates that it has been found acceptable by the 
cut-and-try method. It does not necessarily indicate that it is 
the best wood for the use. The best wood may be too high priced 
or the cut-and-try system may not have considered all possible 
woods, or a wood previously not readily available perhaps now 
is obtainable. 

The selection of wood to replace one that has proved satisfac- 
tory is fairly simple. The properties of available woods are com- 
pared with those of the wood in use. The selection of the best 
substitute requires good judgment in evaluating the differences in 
properties, especially the elimination of the nonessential proper- 
ties. When a wood in use is not satisfactory, the selection of a 
wood that will give satisfactory service depends on a knowledge 
of the exact cause of failure. Strange as it may seem, decay- 
resistant wood of the same or lower strength is often selected to 
replace a wood that has failed mechanically. Moreover, woods 
which are non-decay-resisting are often selected to replace woods 
that are being replaced because of decay. 


‘THE IMPORTANCE OF SPECIES 


The general tendency is to overemphasize the importance of 
species. The importance of small differences in species is magni- 
fied, the variability of wood of species is ignored, and there is 4 
tendency to assume that all wood of one species is superior to all 
wood of another. There is always considerable overlapping in 
strength and other properties of all competitive species. Well- 
selected wood of an inferior species is better than poorly selected 
wood of a superior species. 

Design and treatment are great equalizers of species. A well- 
designed article made of a comparative inferior species will usually 
give better service than a poorly designed article made of a su- 
perior species. Differences in strength can be compensated for 
by differences in size. Differences in decay resistance can be 
compensated for by treatment and better protection from mois- 
ture. Differences in working qualities can be compensated for 
by the control of the speed of machinery, angles of knives, and 
moisture content of stock. Warping and shrinkage tendencies 
can be partly controlled by selection. With the exception of 4 
few uses with exacting requirements any one of a number of 
woods can be used if proper design and treatment are applied. 


3 ‘Safety Code for the Construction, Care and Use of Ladders,” 
Bulletin No. 351, October, 1923. Department of Labor, Bureau of 
Labor Statistics, Washington, D. C. 


‘ 
ae 
ee 
j 
| 
lat 
hp. 
sult 
inst 
FS 
Some 
grate 
Mine 
Mine, 
EM. 
years 
tion ¢ 
maine 


Fig. 1 


The author discusses the types of spreader stokers in use 
together with their adaptability for different boiler instal- 
lations and for burning different grades of fuel. He pre- 
sents the reasons for their adoption in various Government 
plants where boilers range in capacity from 100 to 400 
hp. The paper contains a table of data showing the re- 
sults of a number of complete boiler tests conducted on 
installations equipped with spreader stokers. 


HE TERM “‘forced-draft spreader stoker’’ as used in this 
pie covers forced-draft fuel-burning equipment in which 
the fuel is spread or thrown into a combustion space, part of 
the fuel burning in suspension somewhat similar to pulverized- 
fuel applications and part dropping onto a high-resistant type 
of grate on which the burning is completed. The fuel may be 
thrown in by revolving paddles or may be blown in with air. 
Some of the air required for combustion is supplied over the 
grate, and the remainder comes up through the grate. 
The most interesting and effective development period of this 
type of stoker in this country reaches from, say, 1929, when 


‘Published with the permission of the Director, U. S. Bureau of 
Mines, Washington, D. C. 
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years was associated with the Westinghouse Electric & Manufactur- 
ngCo. After four years with the Bureau of Mines he took the posi- 
ton of special engineer with the Carnegie Steel Co., where he re- 
mained until 1923. In his present capacity he serves as consultant 
on design, operation, and fuel use in federal fuel-burning plants. 
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The Forced-Draft Spreader Stoker 


By J. F. BARKLEY,? WASHINGTON, D. C. 
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there were relatively few such applications, up through the 
last two or three years, during which the rise in the number of 
sales, relative to other types of stokers, has been remarkably 
great. Previous to this somewhat arbitrarily chosen period, 
there were various developments leading toward the spreader 
stoker. Some of the first attempts to fire coal mechanically in- 
cluded schemes to imitate the fireman’s throwing in of coal onto 
agrate. Revolving paddles turning at very low.speeds appeared 
many years ago. Later, some natural-draft hand-fired bitumi- 
nous-coal installations were improved by the use of paddles 
revolving at high speeds. The pinhole type of grate for hand- 
fired installations using forced draft early came into being for 
burning fine anthracite. It was when the combination of high- 
speed paddle and pinhole grate was applied to the burning of 
bituminous coal by J. A. Hoffman, of the Detroit Edison Com- 
pany, that combustion events were noted that have led to the 
present status of the spreader stoker. It was found that there 
was considerable suspension burning; that the ash particles falling 
to the grate assumed a fluffy appearance; that the fuel bed on 


He is a member also of the A.I.M.E. and has contributed articles to 
Bureau of Mines publications and technical magazines in the fuel field. 

Contributed by the Fuels Division for presentation at the Semi- 
Annual Meeting of THz AMERICAN Society oF MECHANICAL ENGI- 
NEERS, to be held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
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the grate could be kept surprisingly level, the dancing of the fuel 
particles thereon aiding the spreading effects of the paddles; 

that a thin bed of burning fuel could be maintained on the grate, 

beneath which was a bed of ash that gradually increased in thick- 

ness; that the ash was kept relatively cool due to the high pro- 

portion of air coming up through the grate, the high temperatures 

of burning being well above it; that the carbon in the refuse 

could be quickly burned out to very low amounts by stopping 

the coal feed; that good CO, could be obtained, the equipment 

being quite sensitive to adjustment; that quick responses to 

load changes could be had; that a wide range of coals could be 

used, the caking characteristics being of no particular moment 

and the ash fusion little more; that the maintenance of the 

grate and spreader equipment, both being out of the fire, was 

practically negligible; and that the operation was simple and 

readily understood by the ordinary small-job fireman. Such 

inherent characteristics and advantages warranted development 
studies; it might be noted at this point that inherent freedom 
from smoke and fly-ash emission is not listed. Fig. 1 might be 
considered representative of the beginning stages of the devel- 
opment. As installed under the horizontal-return-tubular boiler, 
ample space for flame length and combustion was provided; 
the combustibles and overfire air supplied near the coal feed 
passed at right angles over the grate from which the air and 
gases rose vertically; ratings were relatively low, and most of 
the fly ash fell into the back chamber where its carbon content 
slowly burned out. A simple on-and-off control based on the 
steam pressure was used, a setting being made on the spreader 
for a chosen rate of coal feed and on the forced-draft air inlet for 
a chosen rate of air. Two sets of revolving paddles were de- 
sirable. The fire was cleaned one side at a time; the coal feed 
to one set of paddles was cut off for a few minutes, during which 
time the carbon in the ash on that side of the grate was burned 
out. This ash was pulled out the upper door with a few pulls 
of a hoe, usually onto the boiler-room floor. If for any reason 
the paddles could not be operated, hand-firing could be done 
through the upper doors. 

The modest beginnings of the establishment of the stoker’s 
place in the fuel-burning industry might be illustrated by ex- 
periences of the federal government as purchaser and user. 
The government operates a great number of small plants located 
over the entire United States, having boilers from about 100 
hp up to, say, 400 hp. Many different coals must be used; a 
considerable number of these plants are rather isolated, some 
being many miles from a railroad. Trouble was experienced in 
the plants due to equipment maintenance, continual replacements 
of parts, fireman inabilities, prejudices and complaints, ash and 
clinker troubles, low efficiencies, and difficulties in choosing 
coal. Frequently, solutions of individual cases resulted in 
buying some particular and expensive coal. The spreader 
stoker came to the attention of the federal government. With 
perhaps some justifiable misgivings, a study was made of it and 
installations were inspected. It was quite apparent that the 
use of this stoker would be an improvement, relieve many plant 
troubles and not merely replace them with some other kind of 
troubles. An installation was made under a 200-hp cross-drum 
water-tube boiler at an Indian reservation near Mt. Pleasant, 
Mich. It was an immediate success. Young, inexperienced 
Indian boys served as firemen. The coal used was the cheapest 
west Kentucky slack having an ash content of about 15 per 
cent and an ash fusion of approximately 2000 F. The equip- 
ment operated satisfactorily; it was easy to carry the plant load 
continually, maintenance costs practically disappeared, and 
total costs were low. Based on these experiences the govern- 
ment began installing these stokers in chosen places all over the 
United States, burning coals from anthracite rice to lignite 
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slack. They were ideally suited, for example, to the federal 
penitentiaries. Convict firemen could easily operate them; 
any temptation to “accidentally” cause the breakage of a part 
that would stop the stoker was put out of mind by the thought 
that it would then be necessary to fire by hand through the upper 
doors. 

The continued installing of such an unorthodox stoker brought 
up many questions, particularly to and from competitors of 
other types of equipment. What actual efficiencies could be 
shown by tests? What CO, could be maintained without CO? 
What about fly ash and smoke? All of these questions were 
interesting and were to be answered as developments permitted. 
Using again the government as an example, it was quite apparent 
at the time that such technical considerations could have only 
slight effect on the general result for the cases at hand. Troubles 
were being eliminated and money saved. It was not what could 
be shown by tests but what actually happened at a plant over a 
period of time. 

As the use of the spreader stoker broadened, new problems of 
application brought new developments and refinements. These 
exact details varied with the several manufacturers entering 
the field. Engineers were slow to realize the importance of the 
type of grate, especially for the more exacting requirements. 
A high-resistant grate meant practically a uniform air flow 
throughout the grate area, regardless of any temporary irregu- 
larities in the resistance or thickness of the fuel bed, and better 
cooling effect was obtained; the higher velocity air also gave 
better dancing of the particles. Air zoning came into use; that 
is, an air zone for each spreader, making in effect two or more 
stokers per boiler. It has been found that preheated air can be 
successfully applied to this type of stoker. Grate areas were 
usually made liberal for most small boilers, extending across 
the width and from about 6 to 8 ft deep for cases where the ash 
was pulled out by hand. Where the loads were unexpectedly 
low, it was occasionally found advantageous to brick off some of 
the grate area. For the larger boilers, questions arose regarding 
the pounds of coal per square foot of grate area and depth of 
spreading capacity of the spreader. Tests are recorded of the 
burning of as high as 100 lb of coal per sq ft of grate area per hr. 
A depth of spread of about 12 ft has been used. Dumping 
grates appeared, both hand- and power-operated. Ash could 
be quickly and easily dumped into hoppers beneath the boiler- 
room floor. This was of particular advantage for the deeper 
grates and larger boiler installations. Where the ash must be 
hoed onto the boiler-room floor for disposal, it seldom is of ad- 
vantage first to dump it into the plenum chamber, to be hoed 
out later. With the higher burning rates and temperatures, 
some clinkering difficulties began to appear, especially with the 
higher-ash coals of low ash-fusion temperatures. If the ash bed 

was allowed to build up too thick or remain on the grate too long 
some clinkering might occur. More frequent dumping solve¢ 
many such cases. An air-cooled carborundum brick along the 
grate line was used for other cases. Larger boiler installation: 
running at high ratings are now equipped with water-coole 
furnaces. 

Since the spreader stoker is an overfeed stoker, the engineeribf 
problem of preventing smoke production was early encountere¢ 
From the standpoint of smoke emission, the spreader stoke’ 
operates something like an oil burner—it is very sensitive 
the human element. A slight turn of the hand, giving too mu 
fuel feed for the air, immediately gives excessive smoke. 


Ver 
tically baffled boilers usually do not provide the length of flam 
travel or the same kind of mixing provided by the long, horizo& 
tal combustion chamber of horizontal-return-tubular _ boilet 
The high load-carrying capacity of the stoker tempted firemé 
to carry higher loads and use fewer boilers than planned. Ti 
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led to studies of proper furnace designs and sizes together with 
heat releases, admission of overfire air, and use of steam jets. 
Where the prevention of smoke is an important feature for a 
given installation, matured, extremely conservative, and not 
merely optimistic engineering decisions must obtain. Anthracite 


and semianthracite coals will give no trouble from smoke, but 
all bituminous and lower-rank coals may do so. For these coals, 
the author prefers space for a flame travel of at least 14 ft, and 
such flame travel to be horizontally across the grate if possible. 


> 


Fic. 2 UnpDERTHROW SPREADER STOKER WiTH DuMPING GRATE ON 

1000-He Four-Drum Bent-Tuse BorteER—THE GRATE DeEpTH 

Is APPROXIMATELY 11 Fr. Tue AsH-HoprerR ARRANGEMENT Is 
Not SHOwN 


Heat releases from about 20,000 to 35,000 Btu per hr per cu ft 
of furnace volume usually are used. On one test, a heat release 
of over 100,000 Btu was obtained but made much smoke. Fur- 
nace temperatures not over 2400 F ordinarily are desirable. 
The amount of water cooling to be used on the larger installa- 
tions can be figured much the same as for other types of fuel- 
burning equipment, taking into consideration the CO, to be 
carried and the fusion temperature of the ash. The tempera- 
ture of the furnace has a bearing on the possibilities of the slag- 
ging of the boiler tubes. Much study has been given to the 
admission of overfire air. It may serve for metal-cooling pur- 
poses, and aid coal distribution as well as combustion. Where 
furnace conditions are poor, considerable improvement in smoke 
emission may he obtained by the use of steam jets or air jets 
properly set in the furnace. A cross fire from jets at the front 
corners of the setting, aimed somewhat downward toward the 
rear of the grate, is quite effective in decreasing smoke. Some 
test results of steam jets are givenin Table 1. Proper engineering 
is bringing forth better types of installations that are 1eeting 
smoke ordinances, as well as other types of fuel-burning equip- 
ment using bituminous coal or oil. 
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Fly-ash problems also came to the front with this stoker. 
Throwing fine coal up into space to be burned gives fine ash 
particles a good start on a flight with the products of combustion. 
With vertical baffles, fly ash that with horizontal baffles would 
have dropped behind the bridge wall went on into the boiler 
passes. The amount of fly ash depends not only on the load, 
and the total amount of ash, but also on the type of coal.  Al- 
though anthracite and semibituminous coals give more ash 
carry-over than some of the lower-rank coals having some 10 


Fig. 3 OveRTHROW SPREADER STOKER WITH PapDLES REVOLVING 
So As To THROW THE COAL AT THE Top PoINT OF THE REVOLUTION 


Fic. 4 OvertHrow SPREADER Stoker WitH Dumpine GRATE ON 
a 1000-Hp Four-Drum Bent-Tuse Borter—tTHE Grate 
Is APPROXIMATELY 11 Fr 
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per cent inherent moisture, it cannot always be judged exactly 
what relative carry-over may be expected for some particular 
coal. Where there is excessive fly ash, collecting-hopper ar- 
rangements may be provided in back chambers and passes in the 
boiler; some well-designed installations provide an ejector that 
returns the fly ash from a boiler pass back to the combustion 
chamber. This arrangement helps burn out any carbon con- 
tent. Simple forms of baffle-type cinder catchers may be in- 
stalled in breechings. It is necessary to dump these hopper ar- 
rangements regularly. Fly ash should not be permitted to ac- 
cumulate too much in any one spot, such as along the bottom of 
the breeching, because it may suddenly lift all at once and go 
out the stack, creating considerable nuisance. Cinder-catching 
types of induced-draft fans are applicable. Some fly ash will 
also usually accumulate at the base of the stack. Keeping all 
passages clean is a great help in eliminating the fly-ash nuisance. 
One fireman remarked he would rather take loose sand-like fly ash 
from behind the bridge wall than fight with clinkered ash in 
front of the bridge wall. The combustible content of the fly ash 
may be practically zero for cases where it may subsequently 
burn out, as in the back chamber of a horizontal-return-tubular 
boiler; at the other extreme, it has been found as high as 85 per 

cent for cases where there was little aftercombustion, as at the 
bottom of the second pass of a vertically baffled boiler. More 

real attention is now being paid to fly-ash emission from all types 

of forced-draft fuel-burning equipment. Many of the recently 

designed government plants are using baffle-type cinder catchers. 

Some test measurements of fly-ash amounts and combustible 

content are given in Table 1. 

In carrying out the general principles of this stoker, various 
methods have appeared for throwing or spreading the coal. 
These methods may best be described by referring to Figs. 2 and 8. 
Fig. 2 shows an installation of a paddle-type underthrow spreader 
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Fic.6 SpreADER STOKER IN WHICH THE Coat Is SpREAD BY STEAM- 
Arr 


Engineer, London, show a form of application 
developed in Germany at the Stinnes collieries 
in the Essen district. This development re- 
sulted from a desire to eliminate the grind- 
ing of coal in pulverized-fuel-burning sys- 
tems. It is interesting to note the following 
quotation, in regard to this system, taken 
from the Steam Engineer :* 

“The smaller and lighter grades of fuel are 
consumed in suspension, and the heavier par- 
ticles which have been partly burned in the 
combustion zone descend to the bottom of 


Fie. 5 SpreEADER STOKER IN WHICH THE CoaL Is SPREAD BY AN AIR JET 


stoker in which the paddles revolve so as to throw the coal into 
the furnace at the bottom point of the revolution. The under- 
throw-type stoker is shown in more detail in Fig. 1. Figs. 3 and 
4 give similar views of a paddle-type overthrow spreader stoker 
in which the paddles revolve so as to throw the coal into the 
furnace at the top point of the revolution. Fig. 5 shows an in- 
stallation of a spreader stoker in which the spreading is done 
with an air jet, the coal being conveyed by air from some con- 
venient location point of the coal hopper and fan. Fig. 6 shows 
&method of spreading the coal with steam-air jets, the coal being 
brought from the hopper to the jet with an adjustable screw 
feed. Mention at this point might also be made of a jet type 
of coal throw used on locomotive stokers. Development work 

been done in adapting this particular type of jet for station- 
ary work, using either air or steam. Figs. 7 and 8, from Steam 


the furnace, which is composed of slabs of 
refractory material in which air channels 
and orifice jets are provided ..... Ow- 
ing to the granulating effect of the second- 
ary air from the jets the ash can be readily 
blown out or raked out .... Doubtless operating engineers 
will be interested to know that the ash residue in this type of 
furnace does not give any trouble, having regard to the great 
difficulties which have had to be overcome in developing the 
orthodox pulverised-fuel fired furnaces to assure ease of ash han- 
dling with maximum efficiency of combustion.” 

The early type of on-and-off control, although still desirable 
for some installations, in general soon gave way to continuous 
types of control. The stoker, with its small amount of fuel on 
the grate, was found to be quite sensitive to changes of adjust- 
ments. It was a relatively simple problem to carry out prin- 
ciples of control which had reached a high state of development 
on other types of fuel-burning equipment. As before mentioned, 


3 **Dust Coal Burned in Suspension Without Pulverizing,” Steam 
Engineer, vol. 1, August, 1932, p. 474. 
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in the spreader stoker the thickness of ash on the grate continu- 
ally increases from cleaning to cleaning. Control devices have 
appeared for the purpose of compensating for the slight increase 
in draft loss resulting therefrom. One type uses what might 
be described as an auxiliary or secondary control that maintains 
a constant volume of air from the fan through the fuel bed for 
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Courtesy of Steam Engineer 
Fic. 7 GERMAN SPREADER STOKER IN WHICH THE Coat Is BLowN 
INTO THE FURNACE BY AIR 


every main fuel-air setting. This secondary control may be 
actuated by the drop in pressure across an orifice in the main 
air duct or by any differential pressure that varies with the total 
air flow. In this type, the boiler damper operates directly from 
the pressure in the combustion chamber and is independent of 
the remaining controls. Another simpler type for this purpose 
eliminates the auxiliary control by means of the old familiar 
method of operating the boiler damper direct from the steam- 
line pressure, the forced-draft fan operating from the pressure 
in the combustion chamber. With any of these controls, some 
hand adjustment may be necessary when the size of the coal 
changes appreciably during operation. On the paddle-type 
stokers it is also quite customary to provide hand control for 
the speed of the paddles, which affects the spreading. 

It is frequently desirable to have a smoke indicator of some 
type so that the operator may know what is being emitted from 
the stack or from each boiler. This may be a simple mirror, 
or periscope, or one of the more highly developed indicators. 
One type can be set to show when a chosen “haze’’ in products 
of combustion is maintained; when the gases become too lean 
with excess air, a bulb of one color is lighted; when there is a 
lack of air, a bulb of another color is lighted. This serves very 
well as a combustion indicator. Some types ring a bell or blow 
a horn when the smoke reaches a chosen maximum. 

As a general statement, the spreader stoker will show on test 
about the same overall boiler efficiency as an underfeed stoker, 
with the exception of the carbon loss in the fly ash. On instal- 
lations that provide for the burning out of this carbon, such 
difference would practically disappear. The author recalls watch- 
ing one installation that was automatically controlled by the 
two-pen system and arranged to return the fly ash periodically 
into the combustion chamber. At the time the fly ash was 
returned, the coal feed cut down. The foregoing comparison 
of test efficiencies is made where a coal is being burned that the 
underfeed can readily handle. On the poorer coals, the spreader 
stoker is at a distinct advantage. Under regular operating 
conditions, it has been found on our installations that in general 
the firemen will more nearly approach test efficiencies with the 
spreader stoker than with the underfeed stoker. 

The data in Table 1 giving the results of tests of paddle-type 
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Fic. 8 GERMAN SPREADER STOKER INSTALLED ON A 750-Hp WaTER-TUBE BOILER 
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stokers were chosen largely from the standpoint of the use of 
different coals. Considerable test data have accumulated by 
this time, the government having at present about 50 plants 
equipped with spreader stokers. These tests, with the excep- 
tion of those marked Veteran’s Administration, were run by L. 
R. Burdick, a member of the A.S.M.E., and the author. Like 
all such data, the tests are quite individualistic and do not 
necessarily show the best or the worst that the stoker might do 
under different conditions, but indicate what happened under 
a given set of conditions. Tests 1 and 2 give data on the use 
of anthracite buckwheat. At one government plant, this fuel 
is giving the lowest total operating costs, even with rather low 
boiler efficiency. Somewhat better results are obtained with 
anthracite buckwheat by feeding intermittently instead of con- 
tinuously. This approaches the ordinary way of hand-firing 
such fuel. Some hand work on the fuel bed is needed occasion- 
ally. The liveliness of the burning of the anthracite, somewhat 
expressed by the volatile content, has a decided effect on its use 
in this stoker. In test 2 better stoker action from the general 
combustion standpoint was obtained with an 8 per cent volatile 
anthracite than with the 5 per cent volatile anthracite used in 
test 1. Less handwork was necessary. Test 4 shows the same 


boiler and stoker when a 22.7 per cent volatile bituminous coal 
was used. Test 5 shows the use of a high-ash semianthracite 
which is being used continuously at one government plant. 
The stoker action is good, but, due to the high ash, the cleaning 
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periods must be quite frequent. Tests, 6, 7,8, 9, and 10 show the 
use of higher volatile bituminous coals. Approximate smoke- 
reading averages are included for tests 6, 7, 8, and 9. Tests 7, 8, 
and 9 have high heat releases. The boiler setting was too low 
on this installation. Tests 11 and 12 show the use of sub-bi- 
tuminous coal, and test 13 shows the use of lignite. Both of the 
plants at which the tests were made are using these fuels con- 
tinuously. 

There are also added some specific data in Table 1 on the 
effect of cross-fire steam jets on the CO; obtainabie, smoke emis- 
sion, and approximate heat releases. These data were taken on 
a boiler set too low, and much improvement was obtained by the 
use of the jets. Another example of a case might be given where 
it was possible to carry about twice the boiler rating, or an in- 
crease in the heat release from about 20,000 to 40,000 Btu, by 
the use of jets and maintain less than a No. 1 Ringelmann smoke. 

As to what the future may bring forth in the use of the stoker 
or the application of the principles involved, it can only be stated 
that it appears at present to be in a very active stage of its de- 
velopment. It has successfully replaced a number of both 
single- and multiple-retort underfeed stokers at various plants 
and also some chain-grate stokers. It is reaching toward the 
field of the large boilers. Its limitations in this respect are not 
so very apparent. It would be interesting to see the results of 
studies of its application in this field similar in nature and extent 
to past studies of other types of fuel-burning equipment. 
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The author reviews briefly the historical development of 
incinerator plants and discusses the trends in design in 
this country and abroad. Although industrial-waste in- 
cineration is mentioned briefly, and the incineration of 
domestic and institutional wastes is discussed in some 
detail, the greater part of the paper is devoted to the in- 
cineration of municipal wastes. Many problems and 
conditions governing steam production in incinerator 


N THE process of the growth of the art of incineration, as re- 
lated to such wastes as ashes, rubbish, and garbage, it has 
been recognized that garbage disposal involved problems so 

baffling that the disposal of ashes and rubbish became of second- 

ary importance. Many methods of treatment and disposal of 
garbage have been tried, but few have been found that satis- 


1 Vice-President and General Manager, the C. O. Bartlett & Snow 
Company. Mr. Hersey attended McGill University and obtained 
his early mechanical training in the plant of Pillow & Hersey Manu- 
facturing Company, Montreal, where he later became head of the 
department for manufacture of railroad-track bolts, nuts, and spikes. 

ter he entered the employ of the Dodge Manufacturing Company 
of Canada, Limited, as sales engineer, advancing to the position of 
Manager at Montreal. He became associated with the C. O. Bartlett 
& Snow Company in 1912, first as its Canadian representative, but 
went to Cleveland in 1915 where he since has been actively engaged. 
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plants are touched upon, together with general rules for 
estimating required incinerator-plant capacity in Ameri- 
can communities. The author discusses in detail the 
design of municipal plants with complementary or auxil- 
lary equipment employed. The latter part of the paper is 
devoted to the utilization of garbage and rubbish as fuel, 


with examples pertaining to furnace heat balance and fur- 
nace temperature. 


factorily fulfill the requirements for thoroughly sanitary disposal 
of this noxious waste. 

It is the author’s purpose to confine discussions in this paper 
to incineration, as applied to the disposal of the previously men- 
tioned classes of waste in municipal, industrial, and domestic 
fields; but as the greatest importance attaches to the municipal 
field, and the investment therein is by far the greatest, it will 
naturally receive major consideration. 


INCINERATION OF DOMESTIC AND INSTITUTIONAL 
WASTES 

Domestic and institutional incinerators cover the require- 
ments for disposing of combustible waste in apartment houses, 
residences, hotels, hospitals, schools, and the like. For the 
most part, these installations handle both garbage and rubbish. 
The principal operating problems involve the maintenance of 
sufficiently high temperatures to insure against the discharge 
of obnoxious odors from the chimney, and the control of dust to 
prevent its being emitted to the atmosphere. There are two 
types generally considered of standard construction, one of which 
is manufactured of steel and cast-iron parts. The other type is 
that built with refractory linings, to which almost invariably 
gas burners are attached to insure high-temperature operation. 
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The design, proportions, and general construction of these units 
are not greatly dissimilar to the practice employed in the 
municipal field. 

Apartment-house incinerators are most frequently installed 
in the basement with the necessary vertical flue or chimney 
passing up through the building, which serves frequently as a 
chute for passing refuse to the incinerator from the various floors 


FURNACE AND WastTe-HEAT BoILeR IN INDUSTRIAL INCINERATOR 
PLANT 


of the building. These chutes are fitted with necessary hopper 
doors at each floor level so that the refuse can be deposited therein 
by the tenants of the building. 

Referring especially to domestic incinerators, unless acces- 
sory equipment, such as oil or gas burners, is employed to raise 
the temperature of the gases to a point where they will be com- 
pletely oxidized and made nuisance-free, noxious odors are 
produced in the burning of garbage and any similar materials. 
Incinerators as usually installed by the general contractor, are 
of conventional construction, with a straight drop of the house- 
hold waste into the furnace, with flue area, hopper-door open- 
ings, grate area, furnace setting, and wall thickness, governed by 
fire underwriters as to minimum size, but otherwise lacking in de- 
sign and construction necessary to safeguard against either odors 
or dust. 

Improvements now offered include hopper doors with dash-pot 
checks to prevent slamming. In their design care must be 
taken that they will not get out of order or retard the door clo- 
sure to such a degree that under certain infrequent conditions 
there may develop a flash-back of chimney gases into the face of 
the person operating the hopper door. The firing door in the 
basement is most frequently interlocked with a check damper 
to prevent violent air inrush, and there is usually employed a 
rough control of secondary air over the fire by means of hand- 
operated louvers and an expansion chamber located on the roof 
to aid in trapping the dust. Unless great care is exercised, or 
secondary firing in the combustion chamber is employed, such 
trouble is to be expected, frequently resulting in the operation of 
this type of incinerator after dark to avoid detection. 


This type of incinerator is open to improvement from the 
design viewpoint, but as it is sold almost on a pound basis, such 
improvement would undoubtedly contribute considerably to an 
increased cost, making it difficult to market it competitively. 
The indicated corrective would be for local health authorities to 
establish certain standards, otherwise there is not much hope for 
improvement over the present conventional designs. 


INDUSTRIAL-WASTE INCINERATION 


In an effort to keep abreast of the general movement for greater 
cleanliness and sanitation, industrialists are increasingly attack- 
ing the problems connected with a proper disposal of the accumu- 
lating wastes which result from their operations. These wastes 
are of widely different character, varying with the industry or 
product, and ranging from materials of high inflammability like 
photographie films and other light waste having high fuel con- 
tent, to the other extreme of materials having high moisture 
content, such as wet wood bark resulting from paper-mill opera- 
tions. 

Many of these wastes have been successfully disposed of by 
incineration, but owing to the wide variations in characteristics, 
it has been required that incinerators be so designed as to adapt 
them to the particular duty. 

While the woodworking industries have quite generally made 
profitable use and satisfactory disposal of their wastes by burn- 
ing them under boilers, in many other industries, having burn- 
able wastes and boilers, there are many factors that have to be 
considered before determinations can be made as to the advis- 
ability of making disposal through burning under boilers or 
through the employment of specially designed incinerators. All 
these problems, coupled with the necessity for making such dis- 
posal nuisance-free, call for an engineering service from those 
qualified by experience and a thorough knowledge of the art. 

Incinerators in this field are occasionally charged from the 
top, but the more general practice is to charge the material to 
the furnace through the side doors, and without the use of me- 
chanical chargers. 

When incinerators are employed in banks, and other financial 
institutions, and are used for the destroying of papers which at 
one time were valuable, such as bonds and the like, extra care 
must be taken to insure that none of such papers are carried by 
the high-velocity gases and discharged from the chimney. 

Industrial incinerators require individual study as, for ex- 
ample, when the material to be burned is such as film waste, 
with the attendant likelihood of explosions and the further neces- 
sity of recovering silver salts from the filmash. In some installa- 
tions, there is also the problem of burning miscellaneous factory 
waste. 

It is important in all such incinerators to have as large com- 
bustion chambers as practical, with a free opening beyond the 
primary fire and a negative pressure assured so that ample air 
will be drawn in to maintain an oxidizing condition for deodoriz- 
ing. Such installations, of course, are not usually made without 
natural-draft gas burners or oil burners for this purpose. When 
handling highly combustible and lightweight material, difficulty 
is experienced in trapping the ash, even with combustion cham- 
bers of relatively large volume. In some instances, it might 
be found necessary to introduce a water spray or wet-type dust 
collector to insure a dust-free discharge from the chimney. 

An interesting industrial incinerator with waste-heat boiler 
has recently been put into operation for burning materials having 
heating value up to 16,000 Btu per Ib. Between 3 and 4 lb 
of steam is produced per pound of refuse burned, at rates varying 
from 16,000 to 22,000 Ib per hr, and delivered to the steam head- 
ers of the main plant for processing work. The waste-heat plant 
operates 24 hr per day, but the steam production is only po* 
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sible for three periods of approximately 6 hr each, as fire clean- 
ing is required taking 2 hr three times per day. The plant is 
complete in itself including building, furnace, boiler, chimney, 
and auxiliary equipment. 

To return to the major subject of this paper, and in order that 
we may have an understanding of comparative values in methods 
and equipment at present employed in refuse incineration, a little 
history of developments in the art seems in order. 

To English engineers, municipal and sanitary officials, the 
greatest credit is due for the earlier developments in incineration. 
Like all important developments, they had their small begin- 
nings. However, the studies made of these early applications 
produced data for further dealing with the involved problems by 
such men as Horsfalls, Meldrum, and Heenan who respectively 
contributed much to the development of the first incinerator 
furnaces, based on sound engineering principles, and in the 
year 1874, as shown by available records, the first such munici- 
pal incinerator for the destruction of mixed refuse was installed 
in Nottingham, England. This was followed two years later by 
a similar improved plant at Manchester. In America, the records 
seem to indicate that the first application of incineration was 
made in 1885 at Governor’s Island, N. Y. This was a develop- 
ment made by an officer of the United States Army. The first 
American municipal plant was built in Allegheny City, Pa., 
during the same year. 

As would be expected, the applications made in England 
and the benefits resulting therefrom were carried to the Conti- 
nent, and eventually to this country. However, the first Ameri- 
ean designers failed to grasp the problems involved, and ap- 
parently were not informed of the technique being developed in 
England, and they merely attempted to burn wet garbage with 
the aid of coal or wood instead of mixing combustible rubbish and 
household ashes with the garbage. 

In the early American installations, the general scheme of 
design was a brick chamber with a garbage-drying grate placed 
above a primary fuel-burning grate. A wet mass of garbage was 
gradually dried out by the burning of coal or wood on the pri- 
mary grate, using natural draft, the volatiles in the garbage 
being distilled off in this manner, and the fixed carbon more or 
less consumed. The whole operation proceeded at low tem- 
peratures and slow burning rates. The net results were large 
volumes of highly offensive chimney gases and heavy auxiliary- 
fuel costs; and to cap the climax, violent protests from the suffer- 
ing communities, all of which did not react favorably to those 
active in municipal affairs. Various modifications of design 
were used, such as a primary fuel grate from which the products 
of combustion passed over the mass of garbage, which was sup- 
ported on a drying hearth at a slightly higher elevation than the 
primary grate, the gases finally passing into a gas-consuming 
chamber which also had grates for burning auxiliary fuel. In 
this gas chamber, the temperatures were supposed to be raised 
sufficiently to eliminate objectionable chimney odors. The re- 
sults obtained in all of these early designs were unsatisfactory 
and quite generally the same. 

Rapid obsolescence and maintenance of the earlier types 
of plants proved so high as to make incineration an expensive 
Operation, as it is reported that for approximately 25 years 
following the installation made in 1885 on Governor’s Island 
the plants built were operated with only indifferent success, 
and in many cases flat failure. These early plants are stated 
by one authority to have been about 180 in number, of which 102 
were abandoned on account of expensive operation or insuffer- 
able nuisance to the community. 

The first real recognition given to the high-temperature type 
of furnaces in this country was about 1906, when an installation 
was made at Staten Island, N. Y., built to burn a mixture of 


garbage, rubbish, and ashes. It is doubtful, however, if the engi- 
neers who designed or selected this type of plant fully realized 
that the character of English mixed refuse and American mixed 
refuse differed so radically in characteristics; however, their 
first attempt in this country demonstrated the fuel value of a 
mixed collection. 

In about the same year at Westmount, Quebec, Canada, there 
were installed Meldrum type furnaces, together with boiler 
installation and electric generators. Later, Heenan furnaces of 
approximately equal size were added, together with additional 
boilers and electric generators. This plant was designed and 
prepared under specifications of the eminent power-plant engi- 
neers, Messrs. Ross and Holgate of Montreal, and their interest, 
as well as that of the community, kept it in efficient operation un- 
til about four years ago, when it was decided to accept the rate of a 
local electric-power company for furnishing electric current 
to the householders, as well as for street lighting in Westmount, 
continuing only the incinerating operation. 

Following the Staten Island and Westmount plants, others 
were built in Vancouver, B. C., Seattle, Milwaukee and Buffalo, 
all of these being equipped with waste-heat boilers. American 
builders continued to approach the problem with very much the 
same thought in mind as the English, namely, that of employing 
the heat value of a combined collection of garbage, ashes, and 
rubbish in order to produce high temperatures to oxidize the 
products of combustion, employing, in this connection, large and 
properly proportioned combustion chambers, wherein the gases 
were held and mixed at high temperatures until there was com- 
plete oxidation of combustible elements, and employing for the 
travel of the gases ducts of such area as to slow down the veloci- 
ties of gases to a point where the entrained dust particles would 
be deposited, which, together with necessary baffles and traps, 
proved to be practical of application for the minimizing of odors 
and dust. 

The so-called mutually assistant cell type of furnace appeared 
in England about 1893 and has influenced both British and 
American design ever since. This type of furnace will be de- 
scribed more in detail later in this discussion. Incinerator de- 
sign and construction in the United States and Canada, during 
the past twenty years (as hereinafter set forth), has shown 
development from early English practice, to better adapt in- 
cinerators to American conditions as related to the composition 
of materials to be incinerated, and as well the methods of collec- 
tion, but with a tendency to adhere to the fundamental prin- 
ciples of the English practice. 

In England, the general practice still favors a combined col- 
lection wherein ashes as well as garbage and rubbish are placed 
in the same vehicle, and so transported to the disposal plant. 
In America, the general practice is to collect the ashes sepa- 
rately, disposing of them by dumping; and if the garbage and 
rubbish are to be disposed of by incineration, their collection 
and transportation to the plant are made together. If, how- 
ever, as still obtains in some cities, the garbage is disposed of by a 
reduction system, then these wastes are collected separately, and 
the rubbish is either (1) incinerated, or (2) dumped and used as 
fill, frequently with covering of earth. By far the most general 
procedure, however, is to collect and dispose of the garbage and 
rubbish together; and, when containing ashes in an amount not’ 
exceeding approximately 5 per cent, this combination ‘is’ 
readily disposed of by incineration. 

Several of the Pacific Coast cities, including San Francisco, 
still dispose of garbage and rubbish by the fill-and-cover method. 

Aside from what has just been stated about the differences in 
collection methods, the refuse (garbage and rubbish) in America 
compared with that of England carries more waste matter from 
the table and shops, of vegetable and animal origin, and further 
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there is a greater quantity of combustible material consisting 
of paper, cartons, wood, and the like, resulting from the greater 
number of newspapers in circulation, and also the use of com- 
bustible materials in the packaging of our products, all tending 
to produce a high calorific value. 

In England and certain continental countries, with refuse 
high in ash content, the tendency in incinerator practice has 
been to employ screening and other classifying equipment for 
the removal of fines, inert material, metals and glassware, and 
the production of a better fuel. With this high-calorific mate- 
rial, and through the employment of boiler-plant equipment in 
connection with the incinerator, they have steam for a by-prod- 
uct, and frequently find use for the clinker in the production of 
concrete aggregate and clinker asphalt. 

In this country and Canada, rarely has it been attempted to 
make incinerator operation revenue producing, either through 
the reclamation of salable materials, such as metals, rags, bones, 
and the like, or through the production of steam or electric energy, 
although methods and equipment have been developed and 
employed in a few instances for accomplishing these results. 

The economy of the American method of disposal has been 
partially predicated upon the savings accomplished through 
low hauling costs by locating the plants near the centers of 
production areas and also by substituting the mixed collec- 
tion service for the former separate collection system. 

Because many engineers inspecting modern high-tempera- 
ture incinerators, not employing boilers or electric-energy units, 
have a feeling that something should be done to utilize the heat 
and power so generated, it might be well to deal with some of 
the factors confronting the engineering and other municipal 
authorities, in selecting the type incinerator to be used and in 
judging of the economic values to be expected from the produc- 
tion of steam and electric energy. 

In connection with municipally operated plants contem- 
plating steam- and electric-power production, it will be found that 
one or more of the following four conditions may obtain, and 
operate to discourage the introduction of such utilization fea- 

tures, and to confine the operations to refuse destruction, with 
attention concentrated upon sanitation and minimum cost: 


1 Difficulty encountered in making advantageous use of 
steam or current at or near the incinerator site. And even where 
such uses are found, the demand for either steam or current or 
both, is such as can with difficulty be supplied for peak or even 
average requirements, because of : 

2 Lack of uniformity as to quality and dependability as to 
quantity of the refuse, due to variations in production, either 
seasonal or resulting from extremes of cold and wet weather. 

3 Greatly increased capital investment required for a steam- 
and electric-generating incinerator, as compared with one de- 
signed solely for use as a destructor of refuse. 

4 The presence of a utility company, holding a franchise 
from the municipality for the generation, sale, and distribution 
of steam and/or electric current, with the opposition to be ex- 
pected therefrom to competition from the municipality. 


With the foregoing general observations, and relying upon the 
general acceptance of the principle that the first and the con- 
trolling consideration of a disposal plant should be that of sani- 
tation, the author will leave further details of steam and power 
development to a later part of this paper and will proceed to a 
discussion of the conditions generally obtaining, and the prac- 
tices currently accepted and approved for meeting them. 

The wastes which municipalities deal with through collection 
and disposal are garbage, ashes, rubbish, street sweepings, night 
soil, and dead animals. The author is assuming that the com- 
position and characteristics of each of these wastes are generally 


recognized, and that detailed descriptions of them are not at 
this time necessary. We are concerned at present only with 
garbage and rubbish and with their disposal by incineration. 

For economical incineration, it is required that the rubbish 
be in sufficient quantity to furnish the necessary heat units 
for the combustion of the garbage. If there is not sufficient 
of this available, then the necessary heat units must be supplied 
by the use of coal or other fuel. 

Rules of thumb have been developed for roughly determining 
quantities of garbage and rubbish produced in the average 
American city, among which are the following: 


There are 200 lb of garbage per capita per year, or a total an- 
nual tonnage equal to 10 per cent of the population. Another 
rule for figuring the garbage production is '/; lb per capita per 
day; but it is the author’s judgment that this latter is somewhat 
lower than prevails, especially in the North. 

The quantity of rubbish produced varies more widely than 
garbage, but a fair average for American conditions is to figure 
rubbish at about 50 per cent of the garbage tonnage. Allow- 
ance, however, must be made for the presence in rubbish of 
about 10 per cent of noncombustible material. In some com- 
munities, records are kept which indicate higher-tonnage rubbish 
collections, but in these cases it is fair to assume the collections 
include a higher percentage of such materials as metals, miscel- 
laneous junk, old stoves, bed springs, and the like. 


Capacity REQUIRED FOR REFUSE-INCINERATION PLANTS 


In determining the size of incinerators required to dispose of a 
city’s refuse, care should be taken to insure that adequate ca- 
pacity is incorporated into the plant, or that provisions are made 
for additions thereto, so that as the city develops and the pro- 
duction of refuse increases, future quantities may readily be 
disposed of without any very great additional capital expenditure. 
Further, it is necessary, in determining the plant size, to be sure 
that provision is made for taking care of peak loads, for, as is well 
known, there are seasonal variations in the production of both 
garbage and combustible materials. Sometimes, in cities, where 
expositions are held or other unusual activities take place, there 
is such an increase in waste production as to require consider- 
able oversize of plant to take care of this added burden. 

Therefore, a fair rule to follow, for the determination of the 
proper size of refuse-incinerator plant, would be to divide the 
population by 1000, which would give the size of plant in tons 
per 24 hr adequate to take care of the needs of a city, includ- 
ing peak seasonal garbage production and make some provision 
for future additional population. For example, a community 
of 100,000 people should construct an incinerator having a rated 
capacity of 100 tons for a period of 24 hours. This will pro- 
vide for the peak garbage production in the late summer and 
fall and also allow about 33'/; per cent excess capacity for future 
increase in population. 


Costs or DisposaL BY INCINERATION 


The costs of operating an incinerator plant, where sufficient 
rubbish is available, and where air preheaters are used as part of 
the equipment, will be free of any charge for auxiliary fuel, pro- 
viding the characteristics of the mixed refuse conform to those of 
refuse as Collected in the average American city, namely, gar- 
bage by weight 65 per cent, combustible rubbish by weight 35 
per cent, and having an average combined moisture content 
approximating 50 per cent. This proportion of garbage and com- 
bustible rubbish can be collected in the average city if proper 
ordinances are passed and enforced. Other costs should include 
capital cost, depreciation, maintenance, amortization, labor. 
power, water, and the like. 
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It would be useless to set forth in a paper of this sort even an 
average cost taken from the records available, as the variation 
is so great as to be misleading. No doubt a great deal of the 
discrepancy is attributable to the variations in cost-accounting 
and reporting methods of the various cities. In certain cases, 
records are kept by department employees who are not inter- 
ested in their correctness, and in other cases the reports reflect 
the prejudice of the department keeping these records, or even 
the influence of the incinerator manufacturers. Labor costs in 
one section of the country compared with others—especially of 
plants operating in the South with those in the North—alone 
account for great discrepancies in the cost of disposal. It is 
therefore necessary that any per-ton cost advanced by a munici- 
pality or incinerator manufacturer should be given thorough 
analysis before accepting it for the purpose of comparison with 
costs in other cities. 

In order to support this statement as to cost, it is interesting 
to note that the Civic Development Department of the Cham- 
ber of Commerce of the United States in 1931 made a survey of 
refuse disposal in 154 American cities which showed average cost 
ct disposal by incineration of $1.26 per ton; however, this is 
practically meaningless inasmuch as the reports analyzed showed 
variations ranging from 23 cents per ton to $4.25 per ton. Ob- 
viously when the difference in the operating cost is so great, the 
figures are not comparable. 

It may be of further interest to note the direct comparison of 
operating costs between incinerator plants of like rated capacity, 
under the same controlling supervision; one where the refuse is 
placed in the charging containers by manual labor, the other 
plant employing refuse-receiving pits from which the material 
is raised and placed in crane charging hoppers directly over 
charging containers. In this connection are mentioned the 
Wellington incinerator at Toronto, Canada, and the Symes Road 
destructor of the same city. The former is manually charged, 
and the latter crane-operated. Both plants have a capacity 
rating of 400 tons per 24 hr. 


Wellington Plant (manually charged): 


Symes Road Plant (crane-operated) : 


These results are from the published report of operations of 
the Department of Street Cleaning of the City of Toronto for the 
year 1936. 


MopeErN INCINERATOR PLANTS 


In order to present a general description of the arrangement 
and equipment of a modern incinerator plant, the author gives 
descriptions of the major units of typical plants, and of their 
functions. 

Weigh Scales. It is usual to employ weigh scales at the en- 
trance to the plant, whereby loaded collection vehicles passing over 
them are weighed and the records tabulated. In the case of smaller 
tities, this is not employed as it is an added expense, and the 
weigh clerk and office requirements have to be provided. 

Receiving Pits. In a plant using cranes for the rehandling of 
the mixed refuse, there is provided a receiving pit into which the 
collection vehicles dump the mixed refuse. In plants designed 
for 24-hr furnace operation, the capacity of the receiving pits 
must be large enough to store mixed refuse for at least 16 hr 
operation of the furnaces, since the collection deliveries are usually 
made within a period of 8 hr. The plants having receiving pits 
for the mixed refuse require that the grab-bucket cranes handle 
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the material from the receiving pit to charging hoppers over the 
furnaces for final introduction into the furnace chamber. 

Storage Floors. Many plants not employing the receiving pit 
are provided with a ramp to a dumping floor which is at an eleva-, 
tion above the storage and charging floor. With such an ar- * 
rangement, the mixed refuse is fed by hand to the charging holes 
or charging machines of the furnace chambers. Some storage 
floors are provided with service cranes to assist hand feeding. 
The same storage capacity, namely for 16 hr operation, is re- 
quired in this type of plant in order that the furnaces may operate 
for 24 hr. 

Hillside Sites. Plants are sometimes located on_ hillside 
sites, permitting vehicles to drive in off the main thoroughfare 
without the use of a ramp; and in some instances they are found 
advantageous due to lower expense for roadways compared with 
the ramp and other construction details. 

Direct-to-Furnace Plants. In smaller plants, it is frequently 
the case that the collection vehicle drives directly into the build- 
ing on the charging floor and the refuse is dumped directly into the 
charging holes of the furnace chamber. In plants designed in 
this manner, the furnace capacity should be large enough to 
keep up with the rate of delivery of mixed refuse. These plants 
are seldom operated continuously during 24 hr. 

Salvage Plants. A few plants in this country employ facilities 
such as picking belts with magnetic pulleys for the purpose of 
picking off paper and rags, and for the removing of ferrous metals. 
In such cases, the picking is done by hand labor, and it is neces- 
sary to provide bailing equipment for the bailing of tin cans and 

papers. 

Charging Hoppers. In plants with receiving pits and grab- 
bucket cranes, the mixed refuse, as previously stated, is de- 
posited by the grab bucket into charging hoppers. These charg- 
ing hoppers are on a charging floor directly over the furnace 
chambers. Each hopper is divided into sections and each sec- 
tion is open into the top of the charging container of the charging 
machine, which is directly below the charging floor and over the 
top of the furnace chamber. 


INCINERATOR FURNACES AND ACCESSORY FUNC- 
TIONING UNITS 
In all types of incinerator-furnace construction now offered by 
reputable manufacturers, there is one principle common to all, 
namely, that charges of wet material do not drop directly onto 
the burning grates, but are retained on drying grates, drying 
hearths, or in drying baskets until the contained moisture is suf- 
ficiently evaporated to make the refuse burnable, after which it is 
drawn onto the burning grate. 
The furnace chamber is that part of the incinerator structure 
which encloses the burning grates and drying hearth, or drying 
grates or basket. A number of incinerator manufacturers build 
furnace chambers after the English design of mutually assistant 
cells; that is, the burning grates are divided into cells by the in- 
stallation of castings approximating 8 in. in height above the 
grate level. Typical of this design is a furnace having four cells 
so divided off by castings, all enclosed in a refractory-lined chamber 
with an ash pit for each cell placed below the grate level, and with 
provision for admitting forced-draft air to each cell, separately 
controllable. On the stoking side of the furnace chamber there 
is a guillotine-type door for each cell provided with an opening 
therein, through which the stoking of the fires and partial clean- 
ing of the grates is accomplished. The guillotine doors are raised 
for finally cleaning the grates following the burning down period. 
The refractory lining of the furnace chamber is provided with 
proper insulation. Steel plating and the necessary buckstays 
form the outside construction of the furnace chamber. The 
drying hearths are usually of refractory construction, built 
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witha slight slope toward the burning grates. Drying hearths 
sometimes are constructed as drying grates of stationary cast- 
iron grate sections in lieu of refractories. 

In the mutually assistant-cell type of furnace, each cell has a 
charging opening in the main arch, through which the charges of 
mixed refuse drop by gravity onto the drying hearth. In cases 
where material is delivered into the furnaces directly from collee- 
tion equipment, it is usual that the charging openings are ex- 
tended to the charging-floor level and are closed with a refrac- 
tory-lined charging-hole cover. 

In the larger plants, where material is handled to the fur- 
naces by cranes from receiving pits, or fed by hand from storage 
floors, charging machines are provided, one for each cell. These 
charging machines consist of a refuse-charging container with 
hopper bottom or sliding gates, having a charging carriage with 
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rollers operating on structural-steel supports and rails. The 
carriage is actuated either by a compressed-air ram, or an electric 
motor, or by hand-operated mechanism. 

The actuating mechanism of the carriage is under the control 
of the stoker, and the charging-hole cover, which is refractory- 
lined, opens or shuts with the travel of the carriage, allowing the 
charge of refuse to fall by gravity out of the charging container 
through the charging hole and onto the drying hearth in the 
furnace chamber below. Upon the closing of the charging 
opening, the charging container can be refilled with refuse by 
the cranes or charging-floor man, and is again ready for further 
operation by the stoker when, in his judgment, the fire requires 
another charge. 

The advantage claimed for the mutually assistant-cell type of 
furnace chamber is that draft control and fire control are individ- 
ual and separate for each cell; that fires can be cleaned, one cell 
at a time, while normal burning rates and temperature on all 
other cells are maintained during this operation. Further, that 
if it so happens fires are in bad condition in one or more of the 


cells, then the fires in the others will assist in reestablishing in 
such cell or cells the proper burning rates and temperature. 

Some types of furnace chambers do not employ the mutually 
assistant-cell principle, and in some cases these are provided 
with drying hearths or drying grates on which the refuse is 
retained until such time as the greater part of the moisture has 
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PLAN oF MUTUALLY ASSISTANT FURNACE 


(Four-cell, mutually assistant-incinerator furnace and combustion chambers 
showing drying-hearth grates, ash hoppers, flues, Ys pauamae and fan, 
with air ducts and draft control.) 


been driven out. Usually these furnace chambers are also re- 
fractory-lined, and they may be either rectangular or circular 
construction. They are most frequently charged from the top 
and rarely have more than two charging holes per furnace cham- 
ber, and sometimes only one. 

A type of furnace-chamber construction not refractory-lined 
has been installed in many cities. This is built of boiler plate 
with water legs and crown sheet, somewhat like a locomotive 
boiler furnace. The refuse is retained directly above the burning 
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grates in tubular water-cooled baskets until properly dry, and 
stoked down as required. One or two charging holes are gener- 
ally provided for each chamber in this type of furnace. 

Furnace-chamber volumes usually run from 9 to 10 cu ft 
per ton of furnace capacity per 24 hr. Burning rates range from 
70 to 85 lb of mixed refuse per sq ft of burning grate per hr, this 
being normal capacity. Overload rates of 100 lb per sq ft per hr 
can be maintained for indefinite periods. The rates referred to 
are all based on the use of forced draft. 


COMBUSTION CHAMBERS 


Combustion chambers are refractory-lined and are placed 
either back of, or at the end of the furnace chambers. The pur- 
pose of a combustion chamber is twofold: 


1 To provide a means of finally mixing the products of com- 
bustion generated in the furnace chambers with available oxygen, 
thereby effecting complete combustion at high temperature. 

2 To provide a space of ample volume and area so that the gas 
velocities will be sufficiently lowered to deposit fly ash, dust, and 
solids. 

In practice, a minimum temperature of 1250 F and maximum 
temperature of 2000 F, with an average not less than 1450 F, 
is required for the combustion chambers to operate satisfac- 
torily. Under these conditions it will be found that all products 
of combustion are completely oxidized, and the gases discharged 
from the furnace chimney will be absolutely inoffensive. 

To accomplish the proper mixing of gases and to insure the 
deposit of fly ash, dust, and solids, it is usual to construct the 
combustion chambers having volumes ranging from 12 to 15 cu 
ft per ton of 24-hr rate of incinerator capacity, with such cross 
sections of the combustion chambers as to limit the gas velocities 
to 15 fps. 

Heat release in combined volume of furnace chambers and 
combustion chambers is from 10,000 to 15,000 Btu per cu ft per hr. 


FLUES 


Flues as used for the passage of gases from the combustion 
chambers are refractory-lined, and in practice require cross-sec- 
tional areas large enough to limit gas velocities to 25 or 30 feet per 
second. 


Arr PREHEATERS 


In burning refuse, rapid ignition is of great importance to se- 
cure capacity and maintain temperature; further, as there is a 
large amount of moisture required to be evaporated and refuse 
to be heated to the point of ignition, preheated air is of unques- 
tionable value. It is a well-known fact that oxygen in the air 
will unite with carbon more readily when either or both are 
preheated. In refuse furnaces, combustible material is heated 
on the drying hearth by radiant heat from the furnace walls 
and arches and by radiation and convection from the fuel bed it- 
seif, and the air is heated by means of a preheater, using for this 
purpose such portion of the gases from the combustion chamber 
as in the judgment of the operator is required to meet any condi- 
tion within the furnace. The proper use of preheated air will 
make refuse combustible that would not otherwise burn without 
additional fuel. Furthermore, since preheated air occupies a 
larger volume per pound than air at room temperature, it follows 
that a given weight of preheated air is distributed more ad- 
vantageously throughout the combustibles in the furnace, re- 
sulting in less total air required for combustion, which reflects 
in higher furnace temperatures. 

Construction of preheaters varies according to the tempera- 
ture of flue gases required to be passed through them. For 
example, in a plant not having waste-heat boilers, or where the 
products of combustion pass through the preheater prior to the 
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boiler setting, the temperatures of the gases passing through 
the preheater are quite high. On the other hand, if set after a 
waste-heat boiler, any conventional type of preheater for boiler 
service may be used. Preheaters set without boiler or ahead of 
boilers must be of a high-temperature type, preferably vertical 
tubular down-draft, with hot gases passing inside the tubes from 
top to bottom. It is usual that the forced draft make at least two 
passes through the preheater on the outside of the tubes. Heat- 
exchange surfaces are encased in steel] boxes in order to minimize 
or prevent leakage. 

Preheated-air temperatures in practice usually range from 300 
F to 400 F, and in order to proportion preheaters so that these 
temperatures may readily be attained, exchange surfaces will be 
found to run from 7 to 8 sq ft per ton of furnace capacity per 24 hr. 
A preheater proportioned in this manner can usually develop the 
required temperature by passing 40 per cent or less of the total 
products of combustion through the preheater, set without or 
ahead of waste-heat boilers. 

On account of the importance attached to preheated air as 
related to the heat balance of the furnace, especially in the burn- 
ing of very wet refuse, further consideration on this point is given 
later in this paper. 

To the best of the author’s knowledge, the first application of 
preheated air to a refuse plant not employing steam-generating 
units was in connection with the installation made in Toronto, 
Canada, in 1915 at the Don incinerator; and because of this ap- 
plication, patents were applied for and issued, covering a design 
wherein the gases from the combustion chamber passed downward 
through the tubes. 


EXPANSION CHAMBERS 


Expansion chambers are refractory-lined structures designed to 
reduce the final velocities of gases prior to passing to the chim- 
neys so as to precipitate any dust, fly ash, or other solids that 
may have escaped the combustion chambers. Expansion-cham- 
ber volumes in practice range from 10 to 14 cu ft per ton of rated 
furnace capacity per 24hr. Cross-sectional areas should be such 
as to reduce gas velocities to 10 fps. 

The first application of expansion chambers which came to the 
author’s attention was the installation made in 1931 at Montreal, 
Canada. 


CHIMNEYS 

Incinerator chimneys must be capable of handling gases up 
to 1000 F, which temperature sometimes prevails at the base of 
the stack when burning mixed refuse. In burning highly com- 
bustible rubbish, chimney temperatures may be expected to be 
as high as 1800 F, and therefore, for rubbish incineration, should 
be lined and otherwise constructed so as to withstand this condi- 
tion and function continuously. 

Chimneys to serve incinerators are customarily built of an outer 
radial brick shell, with refractory lining throughout the entire 
height of the chimney column. The more general practice, in 
relation to such linings, is that they be independent of the column 
and completely self-supporting. Experience has developed a 
practice whereby the linings are corseted with steel straps, both 
belted and vertically disposed, and so arranged as to be inter- 
connected, all for the purpose of insuring against failure. 

The first application of such a corset, coming to the author’s at- 
tention as applying to incinerator installations, is the Wellington 
Incinerator at Toronto, Canada. Chimney areas will usually be 
found in practice to equal 20 to 25 per cent of the burning-grate 
area served, and the heights will run from 100 to 175 ft. 


DAMPERS 


Dampers are regularly furnished and installed to control the 
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flow of gases in the main exit flue from the combustion chamber, 
the entrance flue to the preheater and the exit flue from the pre- 
heater (when preheaters are set ahead of boilers), and occa- 
sionally in the main flue connecting the expansion chamber to the 
chimney. These dampers are subjected to quite severe duty, 
are necessarily built to withstand high temperatures, and are 
most frequently constructed with special high-temperature alloy 
castings with refractory surfaces in the path of travel of the high- 
temperature gases. Occasionally they are of water-cooled 
design, but more infrequently of all alloy, high-temperature, or 
special ferrous material. Generally, they are of the guillotine 
type, counterbalanced and/or winch-operated. 

When control dampers are used in connection with preheaters 
which are set behind waste-heat boilers, they need not be con- 
structed to withstand high temperatures. When waste-heat 
boilers are used, high-temperature dampers are generally in- 
stalled in the flue entrance to the boiler. 


AsH-HANDLING EQUIPMENT 


In the smaller plants, ashes and clinkers are generally raked 
off the stationary grates onto the firing floor and later shoveled 
into wheelbarrows and spoiled outside the incinerator building. 
In the larger plants, ash and clinkers are passed through dumping 
grates within the furnace chamber directly into ash hoppers 
located directly underneath the grates, and the quenching of the 
ashes takes place within such hoppers. 

Ash hoppers are usually accessible by means of ash basements 
which permit of trucks driving directly through the plant under- 
neath the respective hoppers; or if industrial cars are used, the 
contents of the hoppers are either taken to a remote point by the 
cars to be used as fill, or discharged into push-button-controlled 
ash-skip hoists or onto platform elevators, and by these means 
raised and discharged into ash bins or other receptacles, gener- 
ally outside the building, from whence the ashes are transported 
for final disposal at convenient intervals. 


FURNACE AUXILIARIES 


Auxiliary machinery generally includes, in the large-size plants, 
electric traveling cranes with grab buckets, forced-draft fans, 
air compressors, and temperature and draft instruments. Crane 
capacities are generally 3'/, to 5 tons, employing grab buckets 
having capacities of 11/2 to 2 cu yd. Forced-draft fans should 
be capable of supplying as much as 5 lb of air per lb of mixed 
refuse burned, and are usually direct-connected to an electric 
motor. Air compressors generally must supply not less than 10 
cfm of actual free air per charging machine served. 

Temperature-control instruments, including recording and 
indicating pyrometers, are usually installed for observing com- 
bustion-chamber, preheated air and chimney temperatures, and 
draft gages for determining the forced and chimney draft. The 
use of control instruments has, in many instances, been unneces- 
sarily elaborate, the essentials being only indicating pyrometers 
for registering combustion-chamber and preheated-air tempera- 
tures. 

In small plants, and where close supervision prevails, opera- 
tions can be successfully carried on without any instruments. 


STOKING AND CLEANING FIRES 


Mechanical stoking of incinerator furnaces has not as yet 
reached a successful solution. A man on the cool end of a stoking 
tool is still the accepted means of moving material onto the burn- 
ing grate and spreading the fire. Manual labor is also employed 
for fire cleaning, although the efforts attached to this task have 
been lessened in the more recently constructed larger plants 
equipped with dumping sections within the furnace chamber. 
These dumping grates discharge ash and clinker to ash hoppers; 


but even with the apparatus povided, the labor of breaking 
clinkers on the grates and passing the residue through the 
dump opening is considerable. In the smaller plants with sta- 
tionary grates, the clinker is required to be broken by slice bars 
and is usually raked out by manual labor onto the firing floor or 
into ash skips. The real reason for the continuation of hand 
stoking is because of the uncertainty of the quality of the refuse 
handled, as it is never the same from season to season, or even 
from one charge to another, varying in heating value, moisture, 
ash content and mechanical condition. 


PRODUCTION IN INCINERATOR PLANTS 


With further reference to previous discussion in this paper 
relative to steam production, the author has to state that when 
the visiting engineers referred to, or other technically trained 
men, first view a modern incinerator plant not equipped with 
steam-generating units, and after gazing into this inferno, and 
noting the large volume and rolling action of the gases at tem- 
peratures maybe as high as, possibly, 2000 F in the combustion 
chamber—all of which is truly impressive—they all ask the same 
question: ‘What do you do with all that heat?” 

In America, incinerator plants, in which full use is made of 
the heat developed, are the exception rather than the rule. 
However, as previously covered, in most of the high-temperature 
plants there is utilization of some of the heat values by em- 
ployment of the combustion gases for heating the air for com- 
bustion. When our visitors are informed that, except for such 
auxiliary uses, the tremendous quantity of heat which they have 
just observed is being wasted up the chimney, with consider- 
able concern they remark on the apparent lack of efficiency, and 
unless they inquire further into the facts, or are furnished with 
an explanation of the deterrent factors which enter into the prob- 
lem, they are apt to classify incinerator practice as a criminal 
waste of the taxpayers’ money. 

After complete combustion has been accomplished, there is, of 
course, no reason why the developed heat cannot be utilized for 
making steam, as sanitary conditions can be maintained through- 
out the operation, even though the flue gases would be cooled 
down by their passage over the heat-absorbing surfaces of the 
steam boiler, providing, however, that complete oxidation at 
high temperature has taken place in the combustion chamber 
before contact is made by the gases with the cooling surfaces in 
the boiler. 

In England, and on the Continent, nearly all the large in- 
cinerator plants are equipped with steam boilers and power- 
plant equipment for the production of electricity, employing the 
energy for pumping of water, sewage, or other municipal or pri- 
vate power purposes. Compared with Americans, Europeans 
appear in general more inclined to make use of all possible savings, 
whether it be in incinerator plants or other operations from which 
values in the form of by-products may be obtained; and Ameri- 
can people are regarded by Europeans as notorious for their ap- 
parent wastefulness, not alone in incineration, but with refer- 
ence to such resources as farms, mines, oil, and water power. 

However, the primary purpose of an incinerator plant is 
destroy refuse in a sanitary manner, and this must be accom- 
plished every day throughout the year that collection of refuse is 
made, so that the question of power development is, and, to 4 
great extent should be considered, secondary. 

There are a number of steam and power-development in- 
cinerator plants in America, some of which have applied the 
steam to the servicing of municipally owned asphalt plants. 
Others have been able to sell their steam or power in quantities to 
public utilities without entering into direct competition with 
them, while still others use the steam for no other purpose that 
for the operation of the equipment which is auxiliary to the func 
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tioning of the incinerator furnace. However, the amount of 
power necessary for the operation of this auxiliary equipment 
such as forced-draft fans, compressors, and the like, is very 
small, and in most instances would be cheaper if purchased from a 
public-service company than when produced by the incinerator, 
if the cost of extra equipment, labor charges for skilled per- 
sonnel, maintenance, necessary amortization, and all like charges 
are included in the cost of production. 

Probably the outstanding installation wherein the use of 
steam is profitably employed is at the rubbish-burning incinera- 
tor plant of the City of Rochester, N. Y. It so happens that 
their incinerator plant is located adjoining their garbage-reduc- 
tion plant, and in the process of reduction, large quantities of 
steam are required for the processing; and such steam as is 
metered to the reduction plant is credited to the operations of the 
incinerator. 

Unique also is this reduction plant, in that it is in close prox- 
imity to the plant of the Rochester Gas and Electric Corporation 
whose steam lines are also connected to the reduction steam 
mains, so that when steam is required in excess of that produced 
by the incinerator plant, they are able to procure as much steam 
as is necessary for covering their peak requirements; and in 
this manner, fluctuating quantities of rubbish coming to the in- 
cinerator, and the varying qualities and conditions of same do not 
affect continuity of operations in the reduction plant. The exist- 
ing incinerator plant is inadequate to handle the production of 
rubbish in Rochester, and a contract has recently been awarded 
for an additional incinerator plant employing steam-generating 
units. This may have the effect of producing sufficient steam 
80 that the reduction plant will not be required to purchase 
Steam at any time from the public-service company, except in 
cases of emergency. 

It is important to note that in the design of a steam-producing 
incinerator plant, there are involved certain difficulties not en- 
countered in the design of a coal-burning boiler plant. In the 
first place, a coal-burning plant is designed to use a fuel having 
quite definite characteristics, and of practically uniform chemical 
constituents, and which can be purchased in any required amount, 
making it quite easy to meet any definite load or variation of 
load which may occur during any period of operation. In the 
case of a steam-production incinerator plant, the designer is 
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limited in his guarantee of the amount of steam to be produced by 
what he estimates can be produced under the worst conditions 
of operation, when the refuse may be extremely wet and only a 
minimum quantity is available. At the same time, he must 
provide incinerator capacity to meet the requirements for maxi- 
mum production of refuse. From what has been said about the 
design of steam-producing plants, it is evident that if the designer 
is considering a plant to meet a steam demand exceeding the 
possibilities under the aforesaid adverse conditions, he must pro- 
vide in his plant means for producing steam by auxiliary coal, 
oil, or gas firing in separate stand-by boilers, or by incorporating 
auxiliary grates or burners for such auxiliary fuel in connec- 
tion with the boilers set in with the incinerator. 

Another consideration which must be taken into account is 
the fluctuation in the steam demand itself, which has no relation 
to fluctuations in the fuel, and stand-by equipment must be 
provided to meet rapidly fluctuating demands. Even though 
the average load may be balanced by the average amount of 
refuse available for fuel, the designer is likely to be further handi- 
capped because in all probability the minimum of available fuel 
will sometimes coincide with maximum steam demand. 

It is for such reasons as these that designing a steam-pro- 
ducing incinerator plant is not simple; for where a definite 
capacity must be guaranteed, which is impossible with the mini- 
mum quantity of available refuse, a large investment is neces- 
sarily required to be made for stand-by equipment. 

When the steam demand is small and steady enough so that 
more steam than is required can be produced at any time by the 
refuse available, the problem is comparatively simple, as it re- 
solves itself into the selection of a boiler with sufficient heating 
surface to produce the necessary steam. {Inasmuch as under 
these conditions more flue gas is produced than is necessary for 
steam production, the economical design would be a boiler only 
large enough to make the necessary steam, and so set and pro- 
vided with flues that the excess flue gas produced can be by- 
passed directly to the chimney. By this arrangement, the neces- 
sary furnace capacity can be provided for the maximum collec- 
tion, and at the same time the boiler will be ample for the steam 
demand with only a minimum of investment. 

If a steam-producing incinerator plant is to be considered, a 
complete study should be made of all relevant conditions and 
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problems. As previously indicated, it should be viewed from 
the standpoint of whether or not the results when accomplished 
will justify the investment. If this is settled in the affirmative, 
then the selection of furnace and boiler equipment, together 
with electric-generating units can be made to meet the condi- 
tions. Included in the study must be a careful analysis of the 
maximum, minimum, and average quantities available, as well 
as the quality of the refuse to be burned—with particular refer- 
ence to the fuel value. This latter will involve the determina- 
tion of the noncombustible and moisture content of the refuse. 
After these points have been settled and it is decided to proceed 
with the designing of a steam-power incinerator plant, calcula- 
tions can be made as to the furnace design to provide the capacity 
necessary to take care of the maximum collection of refuse, and 
combustion-chamber temperatures can be predicted within defi- 
nite limits, as can also the quantity of flue gas available for steam 
production. 

Boiler sizes and design must be suitable for the quantity of 
flue gas available at the predicted temperature. Boilers are 
generally of the water-tube type, of various designs and arrange- 
ments of baffling. Natural draft or induced draft may be used, 
according as they lend themselves to the conditions obtaining. 
Boilers may be set so that one particular boiler operates on one 
particular incinerator, or they may be set so as to take gas from a 
main flue which will be a mixture of gases from several incinera- 
tors. Preheaters, as usually set in the English practice, take 
flue gas which has passed through the boiler. 

While it is not the purpose of this paper to follow through any 
one particular problem in design, it must be quite evident that 
any project must be considered individually, so that the selec- 
tion of plant equipment and plant arrangement therefore may be 
suited to and meet all controlling conditions. The one guiding 
rule, which should be borne in mind by the designer, is that he 
should balance investment against resulting values. 

Obviously, the steam that may be generated by the burning 
of a pound of refuse varies with the heat value of the material; 
and while the heat value of the refuse on a dry basis may be 
nearly constant, weather conditions may cause great differences 
in the day-to-day evaporation results. Theoretical calcula- 
tions show that overall efficiency of boiler furnace and grate 
may vary from a low of 25 per cent to a high of possibly $5 per 
cent, corresponding to approximately an F & A evaporation of 
0.5 lb at 25 per cent efficiency, and approaching 4.5 lb at 65 
per cent. Overall efficiency of boiler furnace and grate is ex- 
pected to be not less than 50 per cent for good practice, but, of 
course, variations up and down are to be expected, due to changes 
of the refuse or relative amount of boiler heating surface, ete. 
The great variation in theoretical figures indicated above is due 
to the fact that the lower figure is based on refuse of poor 
quality, and the higher figure on a relatively higher fuel value. 

Available data from English practice, when burning refuse 
such as is usually collected in that country, indicate plant 
evaporation on the F & A basis ranging from 0.8 to 3 lb of steam 
per lb of refuse burned. From records of operations at Paris, 
France, it appears that about 1.1 lb of steam is produced per lb of 
refuse. Very few data of the results of American practice are 
available, but such as we have show evaporations ranging from 
0.7 to 1.5 lb. 

With reference to most of the installations in America for 
incineration, coupled with steam-power development, it is my 
belief that a much better showing of evaporative capacity could 
be made if the gas passages and heating surfaces in the boilers 
had been made large enough to develop the full possibilities of 
the plant. 

In concluding this part of the discussion, it may be stated 
that the trend in English and European designs is to incorporate 
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steam-producing equipment in municipal incinerator plants, 
which indicates an engineering judgment that the resulting econ- 
omies justify the investment. American conditions, on the 
other hand, in most cases do not appear to warrant the invest- 
ment in steam boilers and power-producing equipment, although 
there are exceptions, as brought out by the author, wherein 
there were justifying economies. 


Mrxep RerFvse as 

As previously stated, garbage and rubbish as generally pro- 
duced in American cities, when mixed together as collected, will 
have sufficient fuel value, and be in such condition that combus- 
tion can be supported at temperatures sufficiently high to insure 
against the emission of objectionable odors from the incinerator 
chimney. Many studies have been made of garbage and rub- 
bish as fuel, based on proximate or ultimate analyses, and it has 
been found that the matter of obtaining samples in order to 
produce a fair average is not an easy one. This, on account of 
the great variation of the material, even throughout the same 
truck load of garbage or rubbish and, of course, seasonal varia- 
tions of garbage are evident, also rainy weather greatly influences 
the moisture content in the collection. 

Probably the most comprehensive study of garbage and rub- 
bish ever made in this country was by the late Major I. 8. Osborn, 
for the District of Columbia in 1914 and 1915. The staff of the 
U. S. Department of Agriculture, Bureau of Soils, the Depart- 
ment of the Interior, Bureau of Mines, cooperated in this study, 
making chemical analyses and determinations of moisture, 
combustible, ash, and Btu value of both garbage and rubbish, 
and proximate analyses of rubbish alone. The results of these 
analyses are given in Table 1. 

The incinerator designer must meet contract guarantees, 
the most important of which is the guarantee of an odorless 
chimney which means, primarily, sufficient temperature in the 
combustion chamber. The designer in predicting combustion- 
chamber temperatures based on the fuel he is to handle must 
realize the uncertainty of anything approaching a uniform fuel, 
in moisture, combustible, ash, and heat values. The usual 
method today in taking bids, is to require the bidder to make guar- 
antees based on specified mixtures of garbage and rubbish having 
a certain specified moisture, combustible, ash, and heat content. 


FuRNACE TEMPERATURES AND AUXILIARY FupL REQUIRED 


It may be of interest to follow through the development of 
typical heat-balance formula and show its application to some 
practical problems. It is recognized that there are certain 
short cuts and approximations, but the following method has 
proved sufficiently accurate for general purposes. The nomen- 
clature used in the method for calculating the approximate tem- 
perature in the combustion chamber, and the amount of auxil- 
iary fuel required in burning mixed refuse is as follows: 


T = temperature in combustion chamber, F 

i. = temperature of air supplied for combustion, F 

K = net weight of bone-dry combustible material in refuse 

as fired, lb 

C, = heat value of bone-dry combustible, Btu per lb 

weight of auxiliary fuel, lb per lb of refuse fired 

= heat value of auxiliary fuel, Btu per lb 

= net weight of residue (noncombustible and ash), |b per 

lb of refuse as fired 

weight of moisture in refuse, lb per lb of refuse as fired 

= weight of air required for combustion, lb per |b of 
refuse as fired; this weight must include air for auxiliary 
fuel, if any 

F = weight of dry flue gas, lb per lb of refuse as fired 

H, = heat required for moisture in refuse 


| 
j 


Pes, 
less 
the 
jon- 
just 
uel, 
sual 
ving 
ent. 


D 


of a 
ome 


efuse 


H, = heat required for raising dry flue gases from t, to T 

H; = heat losses due to radiation, unconsumed, humidity in 
air, incomplete combustion, hydrogen in fuel, clinker- 
ing, and unaccountable 

60 F = assumed temperature of room air and refuse 

0.25 specific heat of dry flue gas, Btu per lb per deg F 

0.5 = specific heat of water vapor, Btu per lb per deg F 


Then for all practical purposes, H, + H, + H; = total heat in 
the fuel. The formulas for H;, H2, and H; are as follows: 


Heat required for moisture in refuse is W (212 — 60) + 970.4W 
+ 0.5W (T — 212) = 152W + 970.4W — 106W + 0.5TW, or 


H, = 1016.4W + 0.5TW..............[1) 


Heat required for raising dry flue gases from ¢t, to T deg is 0.25 F 
(T —t,), where F = A + K+ K, (approximately, neglecting 
ash and moisture in K,). Then Hz, = 0.25 (A + K + K,) 
(T —t,) or 


H, = 0.25T (A + K + K.) —0.25t, (A + K + K,)... [2] 


Losses due to radiation, unconsumed, humidity in air, in- 
complete combustion, hydrogen in fuel, clinkering, and un- 
accountable is assumed to be 


H; = 0.2 (KC, + K,C,).. 


The sum of H;, H:, and H; is the total heat in the fuel and is 
equal to KC, + K.C, or 1016.4W + 0.5TW + 0.257 (A + K + 
K.) —0.25t, (A + K+ K,.) + 0.2 (KC, + K.C.) = KC, + K.C.. 
Reducing 


0.257 (A + K + K,) + 0.5TW = 0.8 (KC, + K.C.) + 0.25¢, 
(A + K + — 1016.4W 


or 


7 + KC.) + 0.25, (A + K + K) 


— 1016.40 
0.25 (A + K + K,) + 0.5W 


———..[4] 
As an example of how these formulas can be applied, the au- 


TABLE 1 ANALYSIS OF GARBAGE AND RUBBISH 
Average analysis of garbage as collected: 


Combustible, per 24.4 
Heat value on a wet basis, Btu per lb........... a ; 2,450 
Heat value on a dry basis, Btu per Ib... . 8,775 


Heat value on a net dry combustible basis, Btu per ee 


6.72 
Highest heat value on dry basis, Btu per lb, average...... 10,521 
Lowest heat value on dry basis, Btu per lb, average 7,021 
Average analysis of rubbish as collected: 

Combustible, per 72.50 
Ash and noncombustible, per cent..................... 20.00 
Heat value on a dry basis, Btu per lb..................... 5,500 

eat value on a wet basis, Btu per lb, resolved............. 5,950 

pr value on a net dry combustible basis, Btu per lb, re- sie 


Volatile combustible, per cent. ..... 21.0 
Ash and noncombustible, per cent.....................- 3.6 

Proximate average analysis of rubbish: 

Volatile combustible, per cent........ 59.5 


Velstiies Ay? a practical purposes can be considered as 
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TABLE 2 GARBAGE SPECIFICATIONS USED IN AUTHOR'S 
EXAMPLES 


Assumed: 
Mix to be burned is 65 per cent garbage and 35 per cent rubbish, by weight. 


Garbage is 73 per cent moisture, 17 per cent net combustible, and 10 per 
cent ash endl 

Rubbish is 10 per cent moisture, 70 per cent net combustible, and 20 per 
cent ash and noncombustible. 


Make-up of mix when fired: 


Water from garbage (0.65 X 0.73 = 0.475), per cent..... 47.5 
Water from rubbish (0.35 X 0.10 = 0.035), per cent.......... 3.5 
Totai water in mix as fired, per cent................ 51.0 
Net combustible from garbage (0.65 X 0.17 = 0.11), per cent. 11.0 
Net combustible from rubbish (0.35 X 0.70 = 0.245), per cent... 24.5 
Total net combustible in mix as fired, per cent............ ; 35.5 
Ash and noncombustible from garbage (0.65 xX 0.10 = 0.065), 
Ash and noncombustible from rubbish (0.35 x 0.20 = 0.07), a 
Total ash and noncombustible in mix as fired, per cent... .. 13.5 
Summary of mix as fired: 
Net combustible in mix, per cent.................00.000ceue 35.5 
Ash and noncombustible in mix, per cent.................... 13.5 
Heat value of mix as fired (8000 X 0.355), Btu per Ib...... 2840 


Air required to burn the mix: 
he approximate theoretical air for chemical requirements for fuel of this 
character may assumed as in the same proportion to air required for 
coal with a heat value of 14,500 Btu, as the heat value of the mix is to 
14,500 Btu, or 


Air per lb of mix_ 


Air per lb of 14,500-Btu coal — 


Heat value of mix 
14,500 Btu of coal 


thor has selected a problem, using as a basis the specifications 
given in Table 2, which were recently given by one city. 

Experience shows that it is possible to operate an incinerator 
with less than 100 per cent excess air, and that 50 per cent excess 
is a fair average with refuse of the character under consideration. 

Therefore, the approximate theoretical air required to burn 
the mix as fired is (2840/14,500) * 12 = 2.35 lb, or 3.53 Ib 
at 50 per cent excess, and 4.70 lb at 100 per cent excess. By 
substituting values in Equation [4] for 7 using 50 per cent excess 
air and no auxiliary fuel, with preheated air at 400 F 


T= 
0.8 (8000 X 0.355 + 0) + 0.25 [400 (3.53 + 0.355) ]|— (1016.4 X .51) 


0.25 (3.53 + 0.355) + (0.5 0.51) 
or T = 1740 F. 
By substituting values in Equation [4] for T using 100 per cent 
excess air and no auxiliary fuel with preheated air at 400 F 
T= 
0.8 (8000 x 0.355 +0) + 0.25 [400 (4.70 + 0.355) ] — (1016.4 x .51) 


Sie a) 0.25 (4.70 + 0.355) + (0.5 X 0.51) 
or T = 1485 F. 


It would be quite proper to guarantee an average combustion- 
chamber temperature of 1450 F in the light of these calculations. 
To determine how much coal of 14,000-Btu value will be neces- 
sary to burn wet garbage, with no rubbish and no preheated air, and 
air for combustion being delivered at room temperature of 60 F. 
Assume that the mix to be burned is garbage and coal (amount of 
coal to be determined) ; garbage is 73 per cent moisture, 17 per cent 
net combustible, and 10 per cent ash and noncombustible; heat 
value of net combustible in garbage is 8000 Btu per lb; heat value 
of coal is 14,000 Btu per lb as fired, neglecting moisture and ash 
in coal; temperature required in combustion chamber is 1500 F; 
and the air required to burn coal is 18 lb per lb of coal as fired. 
Then the theoretical air required to burn garbage is (8000 x 
0.17/14,500) X 12 = 1.125 lb air per lb garbage. At 50 per 
cent excess 1.687 lb air is required. The total air for coal + 
garbage = (K, X 18) + 1.687. 
Substituting in Equation [4] 
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_ 0.8 (8000 X 0.17 + K, X 14,000) + 0.25 X 60 (K, X 18 + 1.687 + 0.17 + K.) — 1016.4 X 0.73 


1500 
0.25 (K. X 18 + 1.687 + 0.17 + K,) + 0.5 X 0.73 
_ 1088 + 11,200K, + 270K, + 27.8 + 15K, — 742 _ 373.8 + 11,485K, 
4.5K, + 0.464 + 25K, + 0.365 ~ 4.75K, + 0.829 
Hence 


7125K, + 1243 = 373.8 + 11,485K, and K, = 0.20 lb of coal per 
Ib of garbage. 


Thus, 400 lb of coal will be required to burn each ton of garbage 
without preheated air and maintain a combustion-chamber tem- 
perature of 1500 F. 

Value of Preheated Air. Assuming the same factors for gar- 
bage and coal as just given, and by employing preheated air at 
400 F, and substituting in Equation [4] 


garbage in an incinerator without the aid of auxiliary fuel, or 
even with the use of preheated air to assist in the burning; how- 
ever, it will be recalled that the preceding figures have all been 
based on a heat balance in which the waste gases are discharged 
at high temperature, reaching the chimney at approximately 
1000 F under practical operating conditions. It is possible, 
however, to destroy wet garbage without the use of any heating 
values other than those inherent in the combustible material in 
the garbage itself, and in so doing to maintain combustion-cham- 
ber temperatures in excess of 1800 F, which are well above the 


0.8 (8000 X 0.17 + K. X 14,000) + 0.25 x 400(K, X 18 + 1.687 + 0.17 + K.) — 1016.4 X 0.73 


point required to eliminate any objectionable odors. However, 
to accomplish this result, and in order to effect combustion of the 
garbage, it is necessary to condition same by predrying the wet 


— 0.25 (K, X 18 + 1.687 + 0.17 + K) +05 X 0.73 
_ 1088 + 11,200K, + 1800K, + 185.7 + 100K, — 742 _ 581.7 + 13,100K, 
4.5K, + 0.464 + 0.25K, + 0.365 4.75K, + 0.829 
Hence 
7125K, + 1243 = 531.7 + 13,100K, 
and garbage. 


K, = 0.119 lb of coal per lb of garbage 


Thus, 238 lb of coal will be required to burn each ton of garbage, 
and maintain a combustion-chamber temperature of 1500 F, 
using preheated air at 400 F. 

It is evident that the use of a preheater in this rather extreme 
case, burning wet garbage with no rubbish, saves the difference 
between 400 Ib and 238 lb, or 162 lb of coal per ton of garbage 
burned. In other words, this 162 lb of coal is the value of the 
recovered heat per ton of garbage burned, made possible through 
the employment of a preheater and heating the air to 400 F not 
alone as required for combustion of the garbage, but also for the 
combustion of the coal. 

With a preheater there is required 1.687 lb of air per lb of 
garbage, and 18 X 0.119 = 2.142 |b of air for 0.119 lb of coal, or 
total air per pound of garbage = 3.829 lb. In other words, there 
is returned to furnace in 3.829 lb of air preheated from 60 F to 
400 F, using 0.25 as specific heat of air, 3.829 « 340 x 0.25 = 
325 Btu per lb of garbage, or 650,000 Btu per ton of garbage re- 
turned to furnace. This, vou will note, is equivalent only to 46.5 
lb of 14,000 Btu coal in direct heat value, whereas the actual coal 
saving indicated is 162 lb per ton of garbage burned. In ex- 
planation of this difference it can be readily realized that ap- 
proximately 70 per cent of the heat liberated in burning the coal 
under the conditions obtaining goes to raising the dry gases of its 
own production to 1500 F, and to clinkering and other losses, 
leaving only 30 per cent for effective work. This is a startling 
argument in favor of preheated air. 

Experience with the heat-balance formulas given by the au- 
thor has shown that actual operation checks satisfactorily for all 
practical purposes with the predictions made. The experienced 
incinerator engineer will use any theoretical formulas that he 
may develop with judgment and a margin of safety, realizing 
that his margin of safety may sometimes be the means of his 
salvation in meeting the contract guarantees. 

From what has preceded, the figures disclosed may leave the 
reader with the impression that it is not possible to burn wet 


The method employed has been completely demonstrated on a 
commercial scale by employing a rotary garbage drier reducing 
the wet garbage to 35 or 40 per cent moisture content, and then 
returning this dried garbage to the dryer furnace, and employing 
the same as fuel for further drying operations, using the neces- 
sary flue gases for this purpose. Not alone in theory, but also in 
practice, the heat produced by the burning of the dried garbage is 
considerably in excess of the requirements for drying—so much so 
that it is necessary to provide a bypass to permit passing the 
excess gases over and above what are required to do the drying, 
or the excess garbage fuel may be burned in separate furnaces. 
A parallel-flow drier is employed for the drying for the reason 
that the hottest gases come directly in contact with the wettest 
garbage; and, as the garbage, in its passage toward the dis- 
charge end, becomes less moist, the gases in like travel are being 
reduced in temperature which insures against scorching. 

Because of the results thus obtained in these operations in suc- 
cessfully destroying garbage, patents were obtained covering this 
method; however, to date, no municipality has this method in 
continuous operation. 

In the author’s opinion, before many years developments and 
installations will have been made, employing mechanical charg- 
ing and stoking of incinerator furnaces, with mechanical aid 
for ash handling and that these or some such developments will 
come from the activities of some of those cities now spend- 
ing so much time in the study of incineration. 

Prevailing practice, as related to specifications, requires that 
bidders make a statement to the effect that they have designed 
and built incinerators of the type bid upon, which have been in 
successful operation for at least two years, and are still in satis- 
factory operation at the time of making the bid. Should this 
practice be continued in future specifications, it would seem 
that developments based upon experimental work must come 
from those cities interested in mechanically operated plants, 
as any new developments presented by incinerator engineers 
would probably not be considered, because of the qualifications 
just mentioned. 
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‘Temperature and Combustion Rates in 


Fuel 


Since the classical investigations of Kreisinger, Augus- 
tine, and Ovitz (1),? on the reactions and temperatures ina 
fuel bed, there has been increasing interest in this subject, 
and measurements similar to those reported in their paper 
have been repeated by several others (2, 3, 4, 5) with differ- 
ent types of fuels. In addition, Nicholls (6) and Nicholls 
and Eilers (7) have developed recently an experimental 
method for determining the characteristics of fuels in 
underfeed combustion. In spite of the interest shown in 
this subject, there have been no theoretical investigations 
of the problem, with the result that the experimental re- 
sults remain, to a large extent, uncoordinated. It is the 


purpose of this paper to supply a first step toward meeting 
this deficiency. 


T HE nomenclature used in this paper is as follows: 


c, = specific heat of air and combustion gases, Btu per lb per 
deg F 

4, = heat of combustion of reaction C + O, —» COs, Btu per lb O, 

h, = heat of reaction C + CO,-—+ 2 CO, Btu per Ib CO, 

k = coefficient of thermal conductivity of bed, Btu per ft per hr 
per deg F 

| = depth of fuel bed, ft 

~i = concentration of oxygen in combustion gases, fraction 

~P: = concentration of carbon dioxide in combustion gases, 
fraction 


Ps = concentration of carbon monoxide in combustion gases, 
fraction 

x = distance from grates, ft 

% = distance of plane of ignition from grates, ft 

G = rate of gas flow through fuel bed, lb per sq ft per hr 

M = stoichiometric factor = 0.414 


! Member of Staff, Coal Research Laboratory, Carnegie Institute 
of Technology. Jun. A.S.M.E. Mr. Mayers was graduated from 
Sheffield Scientific School, Yale, in 1927 with degree of B.S. From 
1927 until January, 1929, he was employed by the Brooklyn Edison 
Company as a junior engineer in the test bureau, being stationed 
most of that time at Hudson Avenue generating station. He then 
worked for a short period as engineer for the Prat-Daniel Corporation, 
now of Port Chester, N. Y., erecting and servicing air preheaters and 
draft-producing equipment. During the scholastic year 1929-1930 
he returned to Yale to study for the degree of M.S. in mechanical 
engineering. On the completion of this course he was employed for 
six months by Sargent & Lundy, Inc., as assistant research engineer, 
resigning to take up his present work in December, 1930. In this po- 
sition he has engaged in fundamental research on the combustion of 
solid fuels and is the author of several contributions to the technical 
press on this subject. 

* Numbers in parentheses refer to the Bibliography at the end of 

paper. 

Contributed by the Fuels and Steam Power Division, and pre- 
sented at the Annual Meeting of Tae AMERICAN Society or Mz- 
CHANICAL ENGINEERS, held in New York, N. Y., November 30 to 
December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1937, for publication at a later date. Discus- 
Sion received after the closing date will be returned. 

OTe: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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Beds 


P, = concentration of oxygen in entering air, fraction 

T = temperature elevation of fuel bed above surroundings, 
deg F 

T, = temperature elevation of the fuel bed above surroundings at 
plane of ignition, deg F 

7, = ignition temperature of fuel, deg F 

T, = temperature elevation of air and combustion gases, deg F 

U = rate of fuel flow and of combustion in the steady state, 
lb per sq ft per hr 

U; = rate of advance of plane of ignition (and fuel feed in unre- 
stricted ignition), lb per sq ft per hr 

a = coefficient of heat transfer between solids of fuel bed and 
combustion gases, Btu per cu ft per hr per deg F 

8 = coefficient of heat transfer from bottom of fuel bed to sur- 
roundings, Btu per sq ft per hr per deg F 

y = coefficient of heat transfer from top of fuel bed to surround- 
ings, Btu per sq ft per hr per deg F 

m, = specific rate of the reaction C + O, —> CO), lb per cu ft per 
hr 

ue = specific rate of the reaction C + CO, -— 2 CO, lb per cu ft 
per hr 

p = specific heat of the fuel, Btu per lb per deg F 


Tue GENERAL EQuaTIONS 


The fundamental concept on which the following considera- 
tions are based is that heat flows through a fuel bed in two ways: 
First, by convection by the air supplied for combustion and the 
resultant gases; and second, by a process obeying the laws of 
metallic conduction. The latter process is not limited as to 
mechanism, although it probably occurs through radiation be- 
tween adjacent particles. It is sufficient for the present pur- 
pose that a property equivalent to thermal conductivity exists 
for the fuel bed as a whole and that it be measurable (8, 9, 10). 
This process is—solely in the case of underfeed fuel beds, and 
partially in overfeed fuel beds—responsible for heating the in- 
coming green fuel up to its ignition temperature. 

For the purpose of this discussion, use will be made of a sim- 
plified fuel bed such as shown in Fig. 1. The bed is considered 
to be a continuous solid, of a porous nature such that air can be 
blown through it. In effect, this focuses attention on the fuel 
bed as a whole, rather than on the individual pieces of which it is 
composed. The z-direction is taken as the direction of air (or 
gas) flow through the bed, usually vertically upward, and the 
bed extends from zero to / which need not be constant. Varia- 
tion of the properties of the bed in the z-direction only will be 
considered; for the present, variations in the planes normal to 
the z-direction will be neglected. If there is a flow of fuel through 
the bed, it will be considered positive if in the positive z-direction. 
Ignition is supposed to take place at some plane designated by 
x = 2, where x; may have any value from zero to J, and com- 
bustion takes place from there to the end of the bed, z = 1. The 
differential equation for the temperature of the bed may 
then be stated as 


2 (427) wun + X(T) 
— 2)...... {1] 
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where 7’ represents the temperature of the fuel; 7’. that of the 
air or gas stream; k the thermal conductivity of the bed; p the 
heat capacity of the fuel; U its rate of flow through the bed; 
d its bulk specific gravity; and a represents the heat-transfer 
coefficient between fuel and the air stream—it refers to a unit of 
volume of the bed and contains the surface effective in heat 
transfer as a factor. The term X(7’) represents the heat ab- 
sorbed in endothermic reactions such as coking or cracking, 
while ¢ represents the heat liberated by combustion and is given 


by 
pr (x, 2) (z, when < l 

where 4; and y: represent the rates of the reactions (A), C + O2—~ 
CO, and (B), C + CO, — 2 CO, respectively, at unit concentra- 
tion of the reacting gases—they also refer to unit volume of the 
bed just as does a; h; and hz are the quantities of heat liberated or 
absorbed in the reactions (A) and (B) referred to unit weight of 
the reacting gases; and p; and pe represent the fractional con- 
centrations of and COs, respectively. 

In Equation [1] the first term represents the gain of heat by an 
element of volume due to conduction; the second represents the 
loss to an element due to the heat carried away by the fuel 
flowing through it; the third represents the loss due to the trans- 
fer of heat from the solid fuel to the air or gas stream; and the 
fourth represents the heat absorbed in local rise in temperature. 
Thus the left-hand side of Equation [1] represents the net gain of 
heat in an element of volume due to transport processes, while 
the right-hand side represents the net absorption of heat by reac- 
tion and by increase of temperature, so that the equation is 
simply a heat balance. 

The temperature of the air stream satisfies the equation 


where G represents the rate of air or gas flow, and c, is the specific 
heat of the gas. This equation states that the heat absorbed in 
raising the temperature of the gas passing through an element of 
volume is equal to the heat transferred to the gas from the fuel. 

The concentrations of the various constituents of the gas 
stream satisfy the set of equations 


+ mp = 0 
ox 

+ = mp when < z l...... [4] 
Ops 

=2 
dr 


where p; represents the concentration of CO. The significance 
of these equations is exemplified by the second, which states 
that the rate of increase in quantity of CO, in the gas stream, 
given by the term G(Op./dz), plus the rate of loss by reaction to 
form CO, given by u2p2, is equal to the rate of formation of CO, 
from Oz, given by the term 

It may be noted in passing that in the three-dimensional case 
the only changes that would appear in these equations are that 
the first term in Equation [1] would be replaced by the appropri- 
ate Laplacian, while the first derivatives with respect to the space 
coordinate z in Equations [1], [3], and [4] would be replaced 
by the divergences of the appropriate quantities. 

Equations [1] to [4], inclusive, with suitable boundary condi- 
tions would be sufficient to determine a general solution for the 
one-dimensional case, but the mathematical difficulties are great. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


It is advisable to limit the problem further to secure simplicity in 
the mathematical treatment. 


Tue Sreapy State With Pure UNpDERFEED BuRNING 


In the first place it is advantageous to neglect changes in the 
values of the coefficients in the differential equations due to ash 
or to changes in position in the bed. In effect, the solid repre- 
senting the fuel bed will be required to be uniform and isotropic, 
as well as continuous, which means simply that for a, p, k, 4, and 
ua, Suitable average values must be used. In addition X will be 
assumed to vanish, and U and G will be assumed constant. Al- 
though G actually increases by about 10 per cent during the 
passage of the gas through the bed, this change can be neglected 
without vitiating the analysis. The rate of fuel flow U decreases 
in a real fuel bed by an amount equal to the product of the frac- 
tion of the combustible in the fuel and the difference between the 
initial value of U and the combustion rate, but since its effect 
on the temperature is important only close to the plane of igni- 
tion where it has departed very slightly from its original value, 
this variation may also be neglected. 
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Fic. 1 REPRESENTATION OF SIMPLIFIED FuEL Bep 


The second limitation is on the mechanical system. Let 
the fuel be charged at the bottom of the bed at the same rate as 
that at which it is burned. Then the fuel-bed height / will re- 
main constant and a steady state will be reached in which the 
temperatures and concentrations at any point in the bed do not 
change with time. The fuel-feeding mechanism is restricted in 
that it must not interfere with the admission of air over the entire 
grate surface, so that the combustion proceeds by pure underfeed 
action, as this term is defined by Nicholls (6, 7). The restriction 
to the steady state makes it possible to eliminate the term in 
d7'/dt in Equation [1], and to use ordinary, instead of partial, 
derivatives throughout, thus markedly simplifying the analysis. 
Thus, the differential equations become 
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In setting up the boundary conditions, the ambient tempera- 
ture may be taken as zero, and the calculated values of T will then 
be the elevations in temperature above that of the surroundings. 
The fuel bed loses heat from both its top and bottom surfaces by 
radiation to the surroundings at rates that will be assumed pro- 
portional to the respective temperature elevations. This as- 
sumption is not strictly correct since the heat transfer by radiation 
varies as the difference of the fourth powers of the absolute tem- 
peratures, but this error may be compensated by choosing the 
heat-transfer coefficient appropriate to the temperature (11). 
Then the boundary conditions on T become 


iT B+ pU 
uz =0| 


dx k 

— + 


where 8 and y are the equivalent radiation heat-transfer co- 
efficients at the bottom and the top of the bed, respectively. 
The quantity pU/k is included as a coefficient in the first of Equa- 
tions [8] because it is necessary to provide sufficient heat at the 
bottom of the bed to raise the temperature of the incoming fresh 
fuel from that of the surroundings to that of the bed at x = 0. 

The temperature of the air entering the fuel bed is, of course, 
that of the surroundings, so that the initial condition on 7, is 


atz =0. The concentration of oxygen in the entering air has its 
initial value P,, which is maintained until combustion starts at 
x = 2, while over the same range the concentrations of carbon 
dioxide and carbon monoxide remain zero, so that 


= Pi, when x < | 


[10] 
P2 = ps = 0, whenz < nf 


In the steady state the rate of fuel flow U is equal to the rate of 


combustion, so it may be calculated from the gas analysis at the 
top of the bed, giving 


U =MG + ps [11] 


where M is a stoichiometric factor. It may be noted that, in the 
steady state, overfeed combustion would be represented by 
changing the sign of U. 


SOLUTION OF THE DIFFERENTIAL EQUATIONS 


Equations [7] with the initial conditions of Equations [10] ean 
be solved immediately, giving 
P,, when z 
(x—a1) 


Pye when ry x < l 


(° when 2; 
E G “* when, < 
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0, when z < 
| 
when, Cr Kl, 


Using these values of p, the combustion rate U may be calcu- 
lated from Equation [11], giving 


.-(15] 


Equations [12], [13], and [14] are essentially the same as those 
reported recently by Furnas (12) except that the K values used 
by him are replaced here by u/G. 
In order to determine T it is necessary to eliminate T, be- 
tween Equations [5] and [6], giving 
aT aT aT 


9 
dx? (e dr 
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where 


a pU a 1 pU V ak ‘ 
1 — b= -]1 
=( “| +1 (46+ [18] 


while the boundary condition expressed by Equation [9] is 
replaced by 


at r = 0. A solution of the system defined by Equations [16], 
{19], and [8] could be obtained by the use of Green’s function in 
the form of its bilinear expansion, but the resulting series con- 
verges very slowly because of the magnitude of c. Hence, ele- 
mentary methods give a more satisfactory form of solution. The 
appropriate forms for the solution are 


T = &* (A cosh cx + Bsinh cz) + C....... . [20a] 
when0 Cr C4 


T = e* (A cosh cx + Bsinh cz) + e?—*) (D cosh — 2;) 
+ E sinh — + F + y (2, 1)... . [200] 


when x, < x land where is the particular solution required 
for the right-hand side of Equations [16] when the values of p, 
and p, are substituted from Equations [12] and [13], and is 
given by 
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a 
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The six arbitrary constants A to F, inclusive, are determined by a 
system of six linear equations; three given by the boundary 
conditions of Equations [19] and [8]; two more by the obvious 
requirements that the temperature and its first derivative be 
continuous at = 2; and the last, by the equation, obtained by 
eliminating 7, dT/dz, and T, between the two expressions of 
Equation [5] evaluated at x = 2, 


1 


These equations are given in the Appendix. 

The complete expressions for the temperature given in the 
Appendix are rather complicated, but they may be considerably 
simplified by the application of the approximation, correct to 
within 0.3 per cent when u is greater than 3, that 


1 
cosh u = sinh u = 5 * 


Because of the great magnitude of c as defined by Equation [18] 
cl is greater than 3 for all practical fuel beds. With this approxi- 
mation, 7 for the region where z > 2; is given by 
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where cx is greater than 3. In this expression, 7, is the tem- 
perature at the plane of ignition, and is given by 
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RESTRICTED AND UNRESTRICTED IGNITION 


The temperature at the plane of ignition 7, could now be 
calculated from Equation [24] for various assumed values of 
(1 — 2) and G, and the assumption of an ignition temperature 
for the fuel would fix the relation between the first two variables. 
It is found, however, that this holds only above a certain mini- 
mum value of G; below this value, 7’; will be greater than the 
ignition temperature, no matter how great (1 — 2) be taken. 
This result evidently is equivalent to the effect found experi- 
mentally by Nicholls (6) that below some value of air-flow rate, 
the rate of advance of the ignition zone is greater than the rate of 
combustion. 

In this region the definitions of restricted and unrestricted 
ignition, given by Nicholls, will be adopted. In combustion 
with unrestricted ignition, the fuel is fed at the rate of advance 
of the plane of ignition, so that the temperature elevation of the 
fuel at its inlet is zero. This condition is not practically desir- 
able as it leads to a fuel bed of continually increasing thickness. 
It can, however, be calculated from the results of the previous 
section. Inspection of Equation [22] shows that the effect of 
radiation from the top surface of the fuel bed, given by the factor 


Y (c+b)(I—x) 
k 
1— 
b 


extends only a short distance into the fuel bed, and is entirely 
negligible at « = x, for beds of practical thickness. Hence, the 
condition that the fuel bed must remain of constant thickness, 
given by Equation [15], may be abrogated, and U may be deter- 
mined by the condition that 


where 7; is the ignition temperature of the fuel. For this case, 
only the first term of Equation [24] defining 7), is significant, 
and Equation [25] may be put in the form 
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sionless. 

In combustion with restricted ignition, the fuel-bed thickness 
is maintained constant, and the temperature of the bed at its 
base is above the ignition temperature, so that z; = 0 and com- 
bustion occurs throughout the height of the bed. For this con- 
dition a slightly different form of solution for the temperature 7’ 
is required, as, since x, = 0, the continuity conditions of Equa- 
tion [21] and the preceding paragraph need not be satisfied. 
The appropriate form is 


T = &* [A’ cosh cz + B’sinher] + C’ + (X) 


where y has the same value as in Equation [20c] except that z, 
vanishes. The constants A’, B’, and C’ are determined by the 
three boundary conditions given in Equations [8] and [19], 
and the solution, abridged in the same way as that of Equation 
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CoMPARISON OF CALCULATED AND EXPERIMENTAL RESULTS 


In order to calculate results from the equations presented 
in this paper, it is necessary to make estimates of the values of 
the coefficients appearing in them. These coefficients have been 
subjected to sporadic and partial investigation only, and in many 


TABLE 1 VALUES OF COEFFICIENTS USED IN THE VARIOUS 


EQUATIONS 
X lin. 1X 2 X 21/2 in. 
: Btu per cu ft per hr per deg F-. 6350 6000 5350 
, Btu per ft per hr per deg F.. . . 1.525 2.24 3.65 
lb per cu ft per hr.......... 26.1 15.2 8.16 
0.267,2 <0.5ft; = 0.03, 2 > 0.5 ft 
8. Btu per sq ft per hr per deg F. 5. 
7, Btu per sq ft per hr per deg F. 12.50 
», Btu per lb per deg F.......... 0.34 
Btu per lb per deg F......... 0.28 


* W is the coefficient of G/100 in the expression 4:1/G = W [(G/100) ~°-5] 
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cases even their order of magnitude is not known. What infor- 
mation is available concerning them is dealt with by the author 
in another paper (13). The values of the coefficients used are 
given in Table 1. They were obtained by choosing those values 
from the literature which gave reasonably good agreement be- 
tween the temperatures observed by Nicholls (14) and those 
calculated according to Equation [22]. 
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In Fig. 2, the full line shows the temperatures measured in an 
experimental underfeed fuel bed. The dashed line shows the 
temperatures calculated for the same conditions for unrestricted 
ignition from Equations [22] and [23] while the dot-and-dash 
line shows the temperatures calculated for restricted ignition 
from Equation [28]. In comparing the experimental and cal- 
culated curves for unrestricted ignition, the following points of 
difference appear: 


(a) The calculated curve is from 200 F to 300 F higher than 
the experimental curve throughout the combustion zone. This 
may be due to heat loss from the sides of the experimental fur- 
nace, which, of course, could not be accounted for in the calcula- 
tion considering only one dimension. It is difficult to account for 
this discrepancy by incorrect values of the coefficients, because 
the temperature in this region depends almost entirely on u;/G 
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(The solid curves give ignition rates, i.e., 1 in. X 11/2 in. represents the rate 

of advance of the ignition zone for a fuel sized through 1'/2 in. and 1 in. 

screens. The dashed curves represent combustion rates; the numbers on 
each curve give depth of fuel bed in feet.) 


and 42/G, and these are fixed quite exactly by the gas analysis 
given in Fig. 3. 

(b) The slope of the calculated curve below the plane of 
ignition is steeper than that of the experimental curve. This 
is due to incorrect choice of the coefficients a and k. Evidently 
they should be still larger than those actually used, although 
those used are actually at the upper limits of what can be justi- 
fied by existing measurements. 

(c) The drop in temperature at the top of the bed (x = 18 in.) 
is much greater in the calculated than in the experimental curves. 
This is partially due to the same error as in (2), and also to the 
fact that insufficient allowance appears to have been made in 
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the calculation for the decrease in heat loss by radiation from the 
top of the fuel bed due to the flame of combustible gases leaving 
the bed. 

Comparison of the curves for unrestricted and restricted igni- 
tion shows that the temperature in the bed with restricted igni- 
tion is more than 300 F less than that with unrestricted ignition, 
even though the former bed is igniting fuel at only six tenths the 
rate at which the latter is. This difference represents the heat 
radiated downward to the grate by the bed with restricted igni- 
tion, and is the source of the destructive heating of the stoker 
parts so well known to stoker operators. 

Fig. 3 shows the gas analysis at various points in the fuel bed. 
The analysis determined experimentally is given by the solid 
line, and that for both calculated cases is given by the dashed 
line. 

It is to be noted that no correction has been made in the calcu- 
lated analyses for the expansion of the gas due to the reaction 
forming carbon monoxide. This leads to an error, negligible at 
low CO concentrations, but appreciable at higher ones. 

Fig. 4 shows the relation between 7;, U;, and G determined by 
Equation [26]. By the use of a set of such curves as this, cal- 
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culated for various fuel sizes, the solid lines of Fig. 5 may be ob- 
tained by plotting U; against G for any fixed value of 7;. Fig. 5 
is to be compared with Fig. 6, the relation found experimentally 
between U; and G (6, 7). The dashed lines of Fig. 5 represent 
the combustion rate, calculated from Equation [15] for various 
thicknesses of the combustion zone. They are to be compared 
with the sloping line of Fig. 6, in which, however, the combus- 
tion-zone thickness was not controlled, but was allowed to in- 
crease continuously. It will be observed that in the region 
covered by the curves of Figs. 5 and 6, there are no discrepancies 
that better knowledge of the coefficients may not be expected to 
remove. 

Fig. 7 shows the relation between U; and G for several differ- 
ent values of the ignition temperature, defining completely the 
area in which self-ignition by underfeed action is possible. This 
figure shows how important this characteristic is in determining 
the combustion properties of different fuels. Other significant 
properties of fuel beds that may be calculated by means of the 
expressions derived in this paper are discussed by the author in 
another paper (13). 
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CONCLUSIONS 


The characteristics of pure underfeed combustion, calculated 
theoretically on the hypothesis that the fuel bed behaves like a 
heat-conducting solid in the interstices of which convection and 
combustion occur, have been shown to duplicate with consider- 
able fidelity the experimental determinations of those character- 
istics. 

The analysis is also immediately applicable to overfeed fuel 
beds by merely changing the sign of the combustion rate U, and 
making the necessary modifications of the coefficients occurring 
in the boundary conditions. 

The results indicate the significance of various chemical and 
physical factors in determining the combustion characteristics 
of fuels, and show the need for research investigations of the heat- 
transfer coefficients in, and the thermal conductivity of, beds of 
broken solids. 

The method of analysis may be applied only in a general 
way to real fuel beds, since these are not usually pure underfeed 
beds, but operate largely on a side-feed principle in which air 
and fuel move in directions roughly at right angles. The ana- 
lytical investigation of this case is more complicated, but prob- 
ably not beyond the possibility of solution. 


Appendix 
UNRESTRICTED IGNITION 
Tue Constants or Equations [20a], [206], AnD [20c] 


The six constants A, B, C, D, FE, and F are determined by the 
six equations obtained by substituting the expressions given in 
Equations [20a], [206], and [20<] into the boundary conditions 
of Equations [8] and [19], and the continuity conditions given by 
Equation [21] and the paragraph preceding it. 

These equations are 
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The solution of this system gives the values of the constants in 
terms of the quantities b, c, u:/G, u2/G, 8, and y, but the result 
may be simplified by making use of the five following conventions 
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when the solution to Equation [16] may be written 
(a) for the region0 
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neglected by comparison with the first term. 
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Tue Constants OF EquaTIon [27] 
The three constants, A’, B’, and C’ are determined by the three equations 


In simplifying these expressions by the use of the device stated in the section ‘Solution of Differential Equations” 
of the paper, the second term in the denominator of each of the fractions within the brackets in Equation [134] may be 
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R’ = 
(a — m) \Ge, 


When this system is solved, it is found that the expression obtained for the temperature is identical with that given 
in Equation [13A], except that z, vanishes everywhere, and the coefficient of the first term, instead of being (hi — 


he) + U/Gp) as it is in Equation [13A ] is now 
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The Separation and 
and Fly Ash 


By ARTHUR C. STERN,' NEW YORK, N. Y. 


The author discusses the size-frequency analysis of 
cinders and fly ash, and the variation of the efficiency of 
dust separation with varying dust-particle size. He shows 
how these two factors may be combined to determine the 
overall efficiency of separation. He outlines a rational 
method for the calculation of dust separation and emis- 
sion in complex fuel-burning units, in which the dust 
originates in the furnace, and must pass, prior to its emis- 
sion into the atmosphere, through numerous heat-ab- 
sorbing units, including some in which a measure of dust 
removal may occur. He points out what experimental 
data must be made available to designers before they may 
fully utilize any method of predetermining the operating 
characteristics of equipment with respect to cinder and 
fly-ash emission. He attempts a theoretical analysis of 
the efficiency of dust separation in settling chambers, 
centrifugal concentrators, and cyclone separators. 


HE emission of cinder and fly-ash particles from the stacks 

of fuel-burning plants, particularly steam-generating 

plants, presents a real problem both from the points of 
view of air pollution and power-plant operation. Therefore, it is 
desirable that engineers be able to predetermine the quantity and 
character of this emission as part of the regular procedure in 
designing any installation of fuel-burning equipment. A method 
for making the necessary calculation for this purpose is outlined 
in this paper. This method of analysis also allows calculation 
of the quantity and character of the dust separated out of the 
flue-gas stream at various points in its path from furnace to 
stack. 


NOMENCLATURE 


diameter of dust particle, microns (1 « = 10~* em) 

dust loading at any instant of time, weight of dust 

per unit volume of flue gas 

k = definite size interval, for instance, from 50 u to 
100 uw, or from 100 u to 200 u 

A, = dust loading within size interval, k 

ca = dust in suspension in the flue gas entering the unit 


A 


1 Engineer, Air Pollution Survey, New York City Health Depart- 
ment. Jun. A.S.M.E. Mr. Stern was graduated from Stevens 
Institute of Technology with an M.E. degree in 1930, and after grad- 
uation remained at Stevens Institute as research assistant to E. H. 
Whitlock in the division of smoke-abatement research of the me- 
chanical-engineering department. He received his M.S. degree 
from Stevens Institute upon completion of the research program in 
1933. After an interval of two years in engineering appraisal work 
for the J. G. White Engineering Corp., and independently for the 
New York Times Company, he resigned in 1935 to organize the 
present air-pollution survey program for the New York City Health 
Department. 

Contributed by the Fuels Division for presentation at the Semi- 

nual Meeting of Taz AMERICAN Society or MECHANICAL ENGI- 
NEERS, to be held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1937, for publication at a later date. Discus- 
Sion received after the closing date will be returned. 

OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those of 
the Society. 
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Emission of Cinders 


38 = dust in suspension in the flue gas leaving the unit 

y = dust separated out of the flue gas in the unit 

Aq = Ap + Ay 

Aka = Ang + Aky 

@ = overall efficiency of separation at any instant of 


es 100 A, 100 A, 100 (Aq — Ag) 
ime = = = 
y. Ag + A- Ag 
\ = size efficiency, the efficiency of separation of a 
definite size interval of the dust at any instant of 
time 
100 A 
, = efficiency of separation of size interval k = ee 
ka 
_ _100 Ary 100 (Aka — Aig) 
Ang + Ab, Ata 
d = percent by weight of the dust within a size interval 
d, = per cent by weight of the dust within the size 
100 A, 
interval k = — A 


D = cumulative per cent by weight less than stated 
size = 100—R 
R = cumulative per cent by weight greater than stated 
size = 100 — D 
M,' = geometric-mean particle size, microns 


b = experimental parameter 
n = experimental parameter 
v = flue-gas velocity, also dust-particle velocity, fps 


V, V,, V. = dust-particle velocity orthogonal to direction of 
flue-gas velocity, fps 


p = flue-gas density, lb per cu ft 

” = flue-gas viscosity, lb per ft sec 

6 = dust-particle density, lb per cu ft 

5, = geometric standard deviation 

9 = acceleration due to gravity, ft per sec per sec 


h, h’, h”, w, l, r = dimensions of settling chambers, centrifugal 
concentrators, and cyclone removers, ft 
P, F,, F, = forces acting on dust particle, lb 


p = per cent of flue gas from which dust is completely 
removed 

8 = surface toward which dust separates 

U = number of revolutions of flue-gas stream in cyclone 
remover 


1,2,3....w = subscripts designating a series of definite consecu- 
tive size intervals covering the entire range of 
sizes from np = Otoun = @ 
e = Napierian base 


EQUATIONS FOR COMBINING SIZE FREQUENCY AND SIZE 


EFFICIENCY 
= Velen + + + {1) 
[2] 
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[4] 


CALCULATION OF SEPARATION AND REMOVAL EFFICIENCY 


Equations [1], [2], and [3] allow the calculation of the over- 
all efficiency of separation from size frequency and size efficiency, 
provided the latter is known for the entire range of sizes existing 
in the dust. Equations [4], [5], and [6], allow the calculation of 
unknown size frequency of dust at either the a, 8, or y location, 
(entering the unit in suspension, leaving the unit in suspension, 
or separated in the unit) from the size frequency of the known 
one of these three conditions and size efficiencies for the entire 
size range of the entering suspended dust. The value of ¢ for 
use in the latter three equations may be calculated from one of 
the first three equations. 

Of the first three equations, Equation [1] is the simplest and 
the most useful for design purposes. It is possible to effect a 
further simplification by arbitrarily varying the limits of the 
consecutive size intervals, 1, 2, 3....w, so that all values of da 
are the same. That this can be done is evidenced by the fact 
that the sum of all values of da, from 1 to w, inclusive, must be 
100 per cent. Therefore, dividing 100 per cent by the desired 
number of equal values of dg will give the per cent of the total 
dust weight included in each interval. Thus, if it is desired to 
have ten equal intervals, each value of da will be 10 per cent. 
Under these circumstances w is 10 and Equation [1] will factor as 


@ = 0.10 (Ar + Az + As + Ag+ As + Aw + Az + As + Ao + Ano)... [7] 


In Equation [7], \; is the efficiency of separating dust of the 
size interval corresponding to the range of R between 0 per cent 
and 10 per cent, which may be considered equivalent to the ef- 
ficiency of separating dust of the size corresponding to R = 
5 per cent, etc. So that when values of \ for the particle sizes 
corresponding to each of the following values of R equal to 5, 
15, 25, 35, 45, 55, 65, 75, 85, and 95 per cent are added, and the 
sum multiplied by 0.10, the value of ¢ is calculated. This method 
would be equally valid had the value of da been chosen so as to 
make w any number other than 10, as, for instance, 5 or 20. 
However, from a practical point of view, five values are too few 
for analytical accuracy, and twenty are too many for graphical 
accuracy. 

The removal efficiency of a unit in the flue-gas path will equal 
the separation efficiency ¢ only if conditions in the unit are such 
that the dust separated is removed from the flue-gas path as 
rapidly ag it separates out of the flue gas. If the unit has no 
provision whatsoever for the removal of the separated dust, its 
removal efficiency must be zero regardless of how high its separa- 
tion efficiency may be, because with no provision for removing 
the separated dust, the only possible result is for the separated 
dust to pile unremoved and unremovable up to such a height 
that the flue gases must re-entrain the dust to keep the flue-gas 
path open. Instead of continuous removal of the dust as noted 
previously, the intermittent removal of separated dust by the 
use of hoppers, into which the dust separates and from which it is 
removed at intervals frequent enough to avoid piling up beyond 
the hopper top into the flue-gas path, may be provided and equiva- 
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lent results obtained. In intermediate cases where the removal 
system is inadequate to handle the quantity of dust separated, 
it is possible to have a removal efficiency lower than the separa- 
tion efficiency, but greater than zero. The preceding calcula- 
tions have been based solely upon size frequency and size ef- 
ficiency, both of which vary with the rate of combustion of fuel in 
the furnace, causing removal efficiency to vary with rating. 

Experimental data on size efficiency and size frequency ob- 
tained at several ratings during the same series of tests is subject 
to an important source of error caused by the lapse of time after 
changing the rating before a steady state is reached. This lapse 
is generally greater than that necessary to bring combustion 
conditions to a steady state at the new rating, and is caused by 
the piling up of dust at such places as on the floor of horizontal 
ducts, on ledges, and in hoppers. In a straight rectangular 
horizontal duct, gas velocity is proportional to rating. However, 
any piling up of dust on the floor of the duct decreases the cross- 
sectional area available for gas flow and thus increases gas velocity 
for the same rating as compared with a dust-free duct. Thus, 
the piling up of dust on the duct floor has the same effect on 
velocity as increasing the rating, and contrariwise, any action of 
flue gases passing over a pile of dust in re-entraining some of the 
dust in the gas will tend to decrease the height of the pile, in- 
crease the cross-sectional area available for gas flow and de- 
crease the gas velocity in the same manner as a decrease in rating. 
Since with other factors remaining the same, the lower the gas 
velocity, the greater will be the piling up—and the higher the 
velocity, the greater will be the re-entrainment—it is apparent 
that there will be in a given duct a critical velocity for each rat- 
ing at which re-entrainment will balance piling up, and that this 
velocity will occur after the dust has piled up in the duct to a 
definite height for each rating. Beyond that height re-entrain- 
ment will balance deposition, but the decrease in cross-sectional 
area and the increased gas velocity will increase the draft neces- 
sary to move the flue gas through the duct over that of a dust-free 
duct. An increase of rating will re-entrain dust and a decrease 
of rating will pile up dust until the critical velocities are all estab- 
lished for their respective ratings. Thus, during the interim 
following a change of rating, until critical velocities are all es- 
tablished, the instantaneous dust loadings, sizings and efficien- 
cies will be considerably different from those after the steady 
state has been reached. Therefore, it is important that the 
values which are used in these calculations be steady state 
values. 

Starting with the knowledge of the quantity and size frequency 
of dust leaving the furnace, and the size-efficiency characteris- 
tics of each unit in the flue-gas path, it is possible by means of a 
step-by-step calculation to calculate, first the quantity and 
size frequency of the dust leaving the first unit in the flue-gas 
path and entering the second unit; then, that leaving the second 
unit and entering the third; and so on to that leaving the next 
to last unit and entering the last one, which in this case would 
be the stack. If it is then possible to perform similar calcula- 
tions for the stack, the result will be the quantity and size fre- 
quency of dust emitted to the atmosphere. 

It should be obvious from the preceding considerations, that 
dust-emission and separation problems in fuel-burning equipment 
are susceptible of rational analysis and simple calculation, pr0- 
vided there is available to the person making the calculations the 
following experimental data: 

(a) The quantity and size frequency of dust leaving fuel- 
burning furnaces at various ratings. 

(b) The size efficiencies of all units in the flue-gas path ex 
perimentally determined against dusts of similar particle den- 
sity and particle shape to that for which the calculation is to be 
made. 
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Meruops oF ANALYZING SizE-FREQUENCY DATA 


Size-frequency analyses of dust determine experimentally the 
relationship existing between d and uw by means of sieving, sedi- 
mentation, elutriation, microscopic sizing or any combination of 
these methods. These experimental data are best subject to analy- 
sis by the use of a tabular form such as Table 1, from which can 
be plotted a distribution curve, such as shown in Fig. 1, which 
for a normal dust, is skewed as shown. Experience has proved 
that plotting these data on semilogarithimic paper serves to re- 
move the skewness to a marked degree, so that plotting the cumu- 
lative percentage by weight, R, against » on a logarithmic scale 
yields a curve, as shown in Fig. 2, from which may be obtained 
the ten values of « corresponding to the specified values of R 
needed for the determination of ¢ using Equation [7]. 

Loveland and Trivelli (1)? have analyzed many different 


TABLE 1 EXPERIMENTAL DATA IN TABULAR FORM FOR 
FIGS. 1, 2,3, AND 4 

Per cent Per cent 

Bureau of Dust greater than less than 

Standards Size in percent by stated size stated size 
sieves microns, weight, d R D 
on 10 2000 2 2 98 
on 20 840 8 10 90 
on 40 420 20 30 70 
on 60 250 25 55 45 
on 80 177 15 70 30 
on 100 149 ll 81 19 

2 8 ¢ 

6 95 5 
through 325 0 5 100 0 


Ne 

5 

& 


730 750 7000 1250 150 7000 7256 2500 


SIZE IN MCRONS-u 


Fic. 1 Size-Frequency DistripuTion on ReEcTANGULAR Co- 
ORDINATES OF Dust DescrIBED IN TABLE 1 


methods whereby mathematical expression may be given to 
curves of the type shown in Figs. 1 and 2, with particular emphasis 
on expressions of sufficient simplicity that the parameters govern- 
ing the expression would be useful as explicit constants for com- 
parison and study. They discuss particularly the application of 
formulas developed by analysis of the relationship of the em- 
Pirical distribution to that of “the normal’ La Place-Gaussian law. 
Hatch (2, 3) and Choate (2) showed the usefulness of one of this 
type of expression that had been previously used by Hazen (4) 
and others. It is the logarithmic normal probability relationship 


R, = ¢~ (log »—log Mg’)*/2 log*dy |g, [8 
p= log 6, V (29) 


Their method involves the plotting of R-u data on logarithmic- 
Probability paper, shown in Fig. 3; the drawing of a straight 
line through the plotted points, and calculating two parameters 
of the straight line; M,’, the geometric mean, which is the value 


pr Numbers in parentheses refer to the Bibliography at the end of the 
per, 
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of « when R = 50 per cent, and 6, the geometric standard deviation, 
which is the ratio of the value of u for R = 15.87 per cent to the 
value of » for R = 50 per cent. Since probability coordinates 
are symmetrical about the line for R = 50 per cent, 6, also is the 
ratio of the value of u for R = 50 per cent to the value of u for 
R = 84.13 per cent. This method has been previously applied 
to cinders and fly ash by the author (5). 

It is obvious that if the data plotted on logarithmic-proba- 


4 


PERCENT BY WEIGHT LE THAN /TATED /IZE-0 


IN MCRONS-4 


Fie. Cumunative Size-Frequency DistrisuTion oN SEMI- 
LOGARITHMIC COORDINATES OF Dust DescriBeD IN TABLE 1 AND 
PLOTTED IN 1 


RELATIVE DI/TANCE 
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test 


%. BY WEIGHT GREATER THAN /TATED /IZE-2@ 

Fie. CuMULATIVE Size-FREQUENCY DISTRIBUTION ON LOGARITH- 
MIC-PROBABILITY COORDINATES oF Dust Descrispep IN TABLE 1 
AND PLOTTED IN Fias. 1 AND 2 
(The dotted lines are those necessary for the calculation of Mg’ and yg.) 


bility paper do not plot as a substantially straight line, they 


do not obey Equation [8], in which event M,’ and 4, are 
meaningless and should not be calculated. The simplest method 
of using the parameters M,’ and 4, to reconstruct the R-« curve 
is to utilize a sheet of logarithmic-probability paper. First 
locate the point 1 = M,', R = 50 per cent; then the point » = 
M,'/5,, R = 84.13 per cent; then draw a straight line through 
these points. From this straight line, values of » corresponding 
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TABLE 2 VALUES OF LOG LOG (100/R) 
R log loz R log loz R loglog R tog log 
0.01 10.6021-10 16.0 9.9009-10 48.0 9.5035-10 80.0 
0.1 10.4771 18.0 9.8720 50.0 9.4785 82.0 
0.5 10.3619 20.0 9.8445 52.0 9.4533 84.0 
1.0 10.3010 9.8180 54.0 9.4275 86.0 
15 10.2610 24.0 9.7922 56.0 9.4009 88.0 
2.0 10.2302 26.0 9.7672 58.0 9.3740 90.0 
3.0 10.1827 28.0 9.7426 60.0 9.3462 91.0 
4.0 10.1455 30.0 9.7184 62.0 9.3172 92.0 
5.0 10.1143 32.0 9.6945 64.0 9.2873 93.0 
6.0 10.0870 34.0 9.6707 66.0 9.2565 94.0 
7.0 10.0625 36.0 9.6471 68.0 9.2243 95.0 
8.0 10.0402 38.0 9.6235 70.0 9.1903 96.0 
9.0 10.0194 40.0 9.5998 72.0 9.1544 97.0 
10.0 10 42.0 9.5761 74.0 9.1163 98.0 
12.0 9.9642 44.0 9.5521 76.0 9.0799 98.5 
14.0 9.9314 46.0 9.5279 78.0 9.0330 99.0 
+ 
Ww 
| 


Fie. 4 CumunaTive Size-FREQUENCY DISTRIBUTION ON LoG — 
(Loe Loe 100/R) Coorpinates or Dust DescrIBED IN TABLE 1 AND 
PLoTTeED, IN Fics. 1, 2, AND 3 


(The dotted and dashed lines are used in the calculation of Table 3 by the 

simple and general methods, respectively. The solid line with arrows shows 

that the corresponding value of » for D = 75 is 600 microns. This is to be 
compared with the similar result obtained by the use of Fig. 5.) 


= 95 per cent may be read directly for 
use in Equation [7]. 

Rosin and Rammler (6) have recommended an empirical 
expression for use instead of Equation [8]. It is 


They state: “It proved to be applicable without exception to 
cement, gypsum, magnesite, clay, dye stuffs, pulverized coal, 
in short, to all powdered materials of practical importance, down 
to the region of the very finest particles which could only be 
classified by sedimentation, as well as to the numerous methods 
of grinding employed such as sieveless tube mills with wet and 
dry grinding; both continuous and batch grinding, air-swept 
tube mills, centrifugal mills (Fuller and Raymond mills), with 
sieve and air separation, ring-roll mills (Rema and Mexican 
mills), impact mills of varied construction, and finally air-jet 
mills. In nearly every case the discrepancies between calculated 
and measured values are not more than 1 to 2 per cent of the 
total weight, seldom 3 per cent or more, and therefore, lie within 
the limits of accuracy of the methods of analysis employed (siev- 
ing, air elutriation, water elutriation and sedimentation). 

“Tt is thus possible to state the law: The exponential R = 
100 e~*#* is a universal law of size distribution valid for all pow- 
ders, irrespective of the nature of the material and the method of 
grinding. The exponent n lies for the most part between 1 and 
1.35. The parameter b varies over a much larger range.” 

In order to visualize the physical significance of the experi- 
mental parameters, n and }, it is necessary to note that the dis- 
tribution curve in Fig. 1 shows a maximum, and the cumulative 
size-frequency curve in Fig. 2 shows a corresponding point of 
inflection. Rosin and Rammler (6) have shown that the maxi- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


mum on the distribution curve and the point of in- 
flection on the cumulative curve are possible only 
with n > 1. Whenn = 1, the maximum occurs 
at a particle size of zero microns, and as n increases 
the maximum occurs at increasingly larger particle 
sizes, obeying the equation 


Values of n less than 1 have no real maxima, there- 
fore define impossible distributions. 

By twice taking logarithms of Equation [9], 
Equation [11] is obtained 


~1 00 00 G0 G0 00 GO GD GO 

ll 

3 


log log 100/R = nlogu + (logb + log loge)..... {11} 


from which it may be seen that a linear relation exists between 
[log log (100/2)] and log », with the parameter n as the slope, and 
the expression (log 6 + log log e) as the intercept. Therefore 
on coordinates such as shown in Fig. 4, having uniform incre- 
ments of [log log (100/R)] as shown in Table 2 as ordinates, Equa- 
tion [9], expressing the relationship between R and u will plot as a 
straight line, and n and b will completely describe the size fre- 
quency of a dust which fits these coordinates, just as M,’ and 4, 
describe a dust fitting logarithmic-probability coordinates, since 
only one straight line can be drawn having a particular set of 
parameters. Values may be determined beyond the range of the 
experimental data on either of these coordinates by extrapolation, 
using a projection of the straight line. 

It is preferable to first plot experimental data on the [log 
log(100/R): log «] coordinates, then fit the best straight line to 
these points, and last, to pick two points from that straight line 
for use in calculation. The reason for this preferential pro- 
cedure is that the choice of any two experimental points not 
falling exactly on the line implies that the straight line goes 
through these two points, which, for the typical analysis plotted 
as Fig. 4, is obviously not the case. When these two points, 
whether experimental or from the straight line, are substituted 
in the two following equations, using Table 3, n andb may be 
readily calculated. These equations are 


log log (100/R:) — log log (100/R:2) 
log — log pe. 


b = antilog [log log(100/R,) — n log uw, — log log e}. . . [13] 


Use of these equations is simplified if points are picked from 
the straight line only at values of » which are whole powers of 10 
so that the resulting logarithms of » become integers. If the 


TABLE3 CALCULATIONS OF THE CONSTANTS n AND b 


Simple General 

met method 
in 1000 800 
100 50 
log log Cr A 10.020 9.910 
log leg B 8.890 8.550 
A-B c 1.130 1.360 
log D 3.000 2: 903 
log ys E 000 1.699 
D-E F 1.000 1.204 
C/F 1.130 1.130 
n log us G 260 1.920 
log log e H 9.638 9.638 
+ I 11.898 11.558 
B +10 J 18.890 18.550 
J-I K 6.992 992 

antilog (K) 6.000982 0.000982 
n "130 "130 

b 0000982 0. 000982 


Nore: Two sets of values of R and yw were used in the calculations, * 
shown in Fig. 4. Points with subscripts a were used in the simple-method 
ee and points with the subscript b were used in the general-metho 
calculation. 
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experimental points are scattered so that no representative 
straight line can be drawn through them, no attempt should be 
made to calculate parameters, because under these conditions 
the chosen exponential function evidently cannot be made to 
express the R-y relationship implicit in the data. 

A graphical means for the solution of Equation [9] can also 
be shown. Fig. 5 yields a series of simultaneous values of R 
and « corresponding to any set of values of n and b. With the 
exception of the lines marked R = 2 and 98 per cent, the re- 
maining ten lines allow the determination graphically of ten 
values of «4 corresponding to R = 5, 15, 25........ 95 per cent 
which were previously noted as necessary for the simplified cal- 
culation of ¢ using Equation {7}. 

It should be noted that where the 50 per cent size of any 
cinder or fly-ash sample is less than 74u in the case of a screen 
analysis with 200 mesh as the finest screen (434 with 325 mesh 
as the finest screen) no data can be available from the screen 
analysis for the other 50 per cent or more by weight of the dust. 
Practically all fly-ash and suspended-cinder samples are in this 
category. Cinders that separate out of flue gas are coarser, 
however, and generally have more than 50 per cent by weight 
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IN MCRONZ- a 
Fie. 5 Cuart ror Grapuicat SOLUTION oF R = 100e— dun 


(From the value of b on the top axis drop a vertical line to the value of ® on 
the parallel diagonal lines, then project a horizontal line to the value of n on 
the diagonal fan of the lines, then rop & vertical line to the unknown value 
ot won the bottom axis. The values of b and n illustrated are b = 0.000982 
andn = 1.130 from Table 3. The value of R is 25 (D = 75) and the corre- 
sponding value of u is 600 microns, the same as obtained in Fig. 4.) 


of particles with diameters > 43u, therefore, screen analyses of 
them generally yield sufficient points for accurate plotting. 
A study of 46 such sieve analyses of cinders from hoppers of 
stoker-fired boilers showed the following variability of n: 92 
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per cent of the samples between 0.88 and 2.23; 70 per cent be- 
tween 1.07 and 1.99; and 45 per cent from 1.50 to 1.99. The 
variability of b was: 91 per cent between 0.0073 and 0.0000001; 
82 per cent between 0.0073 and 0.0000012; and 45 per cent from 


10~* to 10-§. Even the 18 per cent of these 46 dusts having 
values of n less than 1, the extrapolations of which are evidently 
not correct, nevertheless yield parameters which do describe the 


known portion of the distribution and do allow reasonably exact 
interpolation. 
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Fic. 6 Size-FrREQUENCY CHARACTERISTICS FOR 
ActTvuaL INSTALLATIONS OF CINDER AND Fiy-AsH REMOVERS 


EXPERIMENTAL DETERMINATION OF Size EFFICIENCY 


The variation of \, with temperature, pressure, density, and 
viscosity within the small range possible in the case of flue gas is 
negligible compared with the variation with respect to particle 
size and flue-gas velocity. Size-efficiency characteristics of four 
typical dust removers A, B, C, and D are shown in Fig. 6. Re- 
movers B and C are of the dry mechanical type, whereas re- 
movers A and D are of the water-level impingement type without 
sprays or wetted surfaces. In all of these units, efficiency falls 
off with decreased particle size. Also in all of them, removal is 
centrifugal, and should theoretically have an increased removal 
efficiency with increased gas velocity. However, in each, the 
efficiency falls off with increasing flue-gas velocity for particles 
smaller than 2004. In the case of remover C, efficiency increases 
with velocity over 200; in remover D, efficiency increases with 
velocity for particle sizes over 350u; in remover A, the particle 
size beyond which efficiency increases with velocity is 450y; 
while in remover B there is no evidence of this occurring at any 
particle size. 

Thus, the velocity-efficiency characteristic is according to 
theory for the larger-sized particles, but not for the finer ones. 
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From considerations such as these, it should be obvious that only 
experimentally determined values of size efficiency should be 
used for design purposes. 


GRAPHICAL METHODS FOR DETERMINATION OF REMOVAL 
EFFICIENCY 


Figs. 2, 3, 4, or 5, may each be combined with an experimentally 
determined size-efficiency curve such as Fig. 6 so that a complete 
graphical solution of ten values of \ needed for the solution of 
Equation [7] may be effected on but one chart. The combina- 
tion of charts of the type of either Figs. 2, 3, or 4 with one of the 
type of Fig. 6 allows the graphical solution of ¢ for one particular 
unit and one particular dust. However, to allow the graphical 
solution of the efficiency of one particular unit against any pos- 
sible dust, it is necessary to combine a chart of the type of Fig. 6 


SETTLING CHAMBER 
Llevation, [AJ 
= 


CENTRIFUGAL CONCENTRATOR] CYCLONE REMOVER 


concentrated dust 
with corner gas 


PLAN- 


PLAN - 


Fic. 7 THeoreticat Motion or Dust IN (A) SETTLING 
CHAMBER, (B) CENTRIFUGAL SEPARATOR, AND (C) CycLONE REMOVER 


(A is an elevation view; B and C are plan views; V is orthogonal particle 
velocity. »v is both particle and fiue-gas velocity. A, h’, 1, andr, 
are the physical dimensions of the unit.) 


with Fig. 5. Charts of wholly experimental origin combining 
Fig. 2 with Fig. 6 have already been put to use to solve design 
problems. In the author’s opinion charts combining with Fig. 
6 either Fig. 4 or Fig. 5, or the graphical representation of some 
other equation that may be later shown to more accurately 
fit experimental data, deserve a trial to determine whether or 
not they are as useful as they appear at present. 


THEORETICAL DERIVATION OF S1zE EFFICIENCY 


Theoretical derivations are based upon many simplifying 
assumptions, such as the absence of eddy currents; the absence of 
turbulent re-entrainment of separated dust; and the presence of a 
uniform distribution of dust and gas velocity. A theoretical 


approach such as the following one, however, does provide a 
rational basis for the interpretation of experimental data. 

If flue gas passes through a unit at velocity v, so that the dust 
within the size interval k suspended in p per cent of the gas is 
completely separated in the unit, and the dust within the same 
size interval, suspended in the remaining (100—p) per cent remains 
in suspension, the size efficiency of the unit for size interval k 
must equal p per cent. Under the assumed conditions of uniform 
gas flow, p per cent of the gas will flow through a cross-sectional 
area of phw, while the remainder of the gas flows through an 
area of (100—p) hw. If it be assumed that the gas flows in two 
nonmixing strata, both of width w, one will have a height h’ = 
ph = d,h, and the other h” = (100—p)h = (100—-A,)h. Thus, it 
is obvious that 


Every particle of size interval k, in gas strata h’ must thus 
reach removal surface s, as shown in Fig. 7, within length /, 
because under the assumed conditions, a particle not reaching s, 
cannot be considered as removed from the gas stream. Simi- 
larly, none of the particles in stratum h” may reach s within the 
distance 1, although they may reach it at any point beyond I. 
Therefore, a particle on the boundary between stratum h’ and 
stratum h” must just reach the removal surface at distance /. 
The time taken by one of the latter particles to travel distance | 
will be //v seconds, assuming that the particle travels at the same 
velocity as the flue gas. The time taken for the same particle 
to travel distance h’, orthogonal to the direction of v, will be 
h’'/V seconds where V is the orthogonal particle velocity. These 
two times must be equal, so that 


since, as will be later demonstrated, all other conditions re- 
maining constant, V is a function of u. 


GRAPHICAL DETERMINATION OF THEORETICAL S1zE EFFICIENCY 


Equation [16] may be solved graphically by the use of Fig. 8 
which consists of a series of V-A characteristics for various 
values of the ratio (l/vh), and a series of V-» characteristics for 
various combinations of forces causing separation both plotted 
on the same coordinates, so that a value of \, may be obtained 
directly from a corresponding value of » on but one chart. Fig. 8 
thus represents the theoretical \,-u relationship just as Fig. 6 
represents the experimental one. 

The ratio (l/h) will, in general, vary between 1 and 25, de- 
pending upon design conditions. The usual range for v is 
from 1 to 100 fps, so that the normal range of the ratio (//vh) 
will be from 0.01 to 25. When A, = 1 and (l/vh) = 0.01, V = 
100 fps; whereas when \, = 1 and (l/vh) = 25, V = 0.04 fps. 
The effect of a higher value of V in both these cases would be 
to make \ > 1 which is an impossibility meaning that 100 per 
cent separation is effected in a distance less than 1. In the case 
of gravity settlement, V = 0.04 for a particle of about 15. and 
V = 50 for a particle of about 2000u. Although beyond 2000s, 
particulate matter can scarcely be called dust, V = 100 for 
hypothetical particle of 10,000u. 


CHAMBERS 
Any horizontal run of duct or breeching such as that show? 
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in Fig. 7A will act as a dust remover if it is provided with hoppers 
for the continuous or intermittent removal of the separated dust. 
The ratio (l/vh) will be made up of v the average velocity; A 
the height of the duct; and / the distance from the beginning 
to the end of that portion of the duct provided with hoppers. 
The gravity-settling velocity V, is obtained by solving for V after 
equating the force of the gas resisting particle motion 


V 0.7 
P = x +0.14 | [17] 
n 


to the weight of the particle which is the force on the particle 
causing motion toward surface s. This force is 


F, = 5.88 X 1078 wu? [18] 


Croft (7) has effected this solution of V for the range » = 
10 to u = 10‘ for air at 70 F and flue gas at 300 F and 600 F. 
These V,- curves are reproduced for the range » = 10 to u = 
10° as curves A, B, and C of Fig. 8. 

In Equations [14] to [19], inclusive, particle density 5, gas 
density p, gas viscosity n, acceleration due to gravity g, velocities 
vand V, lengths / and h, and forces P and F are all in foot-pound- 
second units, but « is in microns. 


CENTRIFUGAL CONCENTRATOR 


Any bend in a duct or breeching such as Fig. 7B will tend to 
concentrate dust toward its outer wall due to centrifugal force. 
If this outer stratum of flue gas containing the bulk of the dust is 
Tfemoved from the main stream of flue gas and its entrained dust 
completely separated in an auxiliary unit of equipment, the 
effect will be the same as if there had been a hopper built into 


(The dashed line shows a typical calculation.) 


the duct to remove the dust as soon as it reached removal surface 


s. In this case » and h have the same significance as in gravity 


settlement and / is the mean length of flue-gas path from the 
point where the bend starts to the point where the bend stops. 

The force of gravity F, on the particle shown in Fig. 7B, which 
is a plan view, is orthogonal to both v and V, and therefore must 
be neglected in calculating V. However, had Fig. 7B been an 
elevation view, the force of gravity would still have been neglected 
even though it is no longer orthogonal to V, both because its 
value is small compared to the centrifugal force, and because it 
acts in different directions with respect to surface s above and 
below the center line. The centrifugal settling velocity V, is 
thus obtained by solving for V after equating Equation [17] 
to the centrifugal force on the particle causing motion toward 
surface s. The centrifugal force is 


3 bv? 
FP, = 35.5 X [19] 


Assuming flue gas at 300 F, the V,-» relationship has been 
calculated for a number of different values of the ratio (v*/r), 
and has been plotted as D, E, F, G, H, I, and J, in Fig. 8. 


CycLONE REMOVER 


The cyclone remover shown in Fig. 7C, is similar to the cen- 
trifugal concentrator except that the dust, after having concen- 
trated on removal surface s falls by gravity into a hopper bottom 
integral with the cyclone, and secondly, that the gas makes 
several complete revolutions before entering the axial exhaust, 
so that distance / is indeterminate. Rosin, Rammler, and Intel- 
mann (8) have attempted a theoretical solution of the cyclone 
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using an approach slightly different from that of Equation [16]. 
Their assumptions, however, are of use in this type of solution. 
These are that the stream of flue gas, which enters through a 
rectangular entrance duct of dimensions A and w, retains these 
two dimensions as it spirals unconstrained down the wall of the 
cyclone; that succeeding revolutions of this spiral are adjacent 
but do not mix; that the radius of the cyclone may be used as 
radius of curvature of this spiral; that the length of flue-gas path 
for one revolution of the spiral be the circumference of the 
cyclone; that there are a whole number of these revolutions U’; 
and that the inlet gas velocity be considered to continue through- 
out the spiral. 

Thus to obtain the ratio (l/vh), h is the width of the inlet duct, 
v is the velocity through the inlet duct, and 1 = 2xrU where r is 
the radius of the cyclone and U is the number of revolutions of 
the gas in the cyclone. There is no rational method for esti- 
mating U, so that until experimental data can be correlated with 
theory a value of U from 2 to 4 seems reasonable. The value of 
V, is obtained, as in the previous case of the centrifugal concen- 
trator, from curves D, E, F, G, H, I, and J of Fig. 8. 

It should be noted that the method for calculating cyclone ef- 


ficiency as given by the author is at variance, in its assumptions: 


with the vortex theory of cyclone collection. Vortex theory (the 
inverse relationship between gas velocity and radius, known to 
exist in cyclones) is neglected by assumptions of constant v and 
V. However, all attempts to incorporate this concept into these 
simplified methods of calculation have resulted in solutions too 
complicated to use. 
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ARCHITECT'S PERSPECTIVE DRAWING OF SPRINGWELLS STATION, SHOWING Masor PLANT STRUCTURES 


The Springwells Station of the Detroit 
Department of Water Supply 


By WILLIAM C. RUDD,' ann BERNARD J. MULLEN,? DETROIT, MICH. 


The Board of Water Commissioners of the City of De- 
troit anticipated the need of increasing the water-supply 
facilities for the city nearly 20 years ago and in the year 
1919 ordered that engineering studies be made. As a re- 
sult of these studies an additional water-supply system 
was authorized in 1924 at an estimated cost of $30,000,- 
000. The project included a new river intake of 940 
million gallons daily capacity, tunnels in sizes of 12 ft to 
15'/, ft diameter, about 12 miles long, a new pumping 
plant for 400 million gallons daily, filtration plant, and 
16,500-kw steam-operated power plant. The new works 
were substantially completed in 1931 and placed in partial 
operation, but due to the depression, the plant was not 
placed in continuous service until 1935. 

This paper discusses the various problems and engineer- 
ing studies made in connection with the design and con- 
struction of a large modern water-works plant, with espe- 
cial reference to the hydraulic and mechanical features of 
the pumping plant and the mechanical and electrical 
characteristics of the steam-operated power plant. 

The pumping plant consists of raw-water pumps for de- 
livering river water from the intake and tunnel system to 


the filter plant and also the filtered-water pumps to force 
water supply to the city distribution system. All pumps 
are housed in one building about 400 ft long by 100 ft wide. 
There are 26 centrifugal pumps varying in size from 7 to 
60 million gallons daily each. The pumps are driven by 
synchronous and induction motors. 

Power for the pump motors is produced in a steam 
turbogenerator plant, exclusive of a small portion that is 
secured from a central-station source. The power plant is 
adjacent to the pumping plant and consists of two 5000- 
kw and three 500-kw steam turbogenerators, two 90,000- 
lb per hr steam boilers and related equipment, together 
with a 5000-kw transformer for central-station power. 

This paper deals with purchase of pumping and power- 
plant equipment secured in competitive bidding, with 
some of the major equipment secured on evaluated bids 
and with bonuses and penalties applied to contractor’s 
guarantees. The paper also outlines the results of field 
acceptance tests for pumps, turbines, and boilers and gives 
the resulting bonuses and penalties applied to the various 
contracts. The paper also discusses the genera! plant- 
operating economies for a one-year period. 


HE Springwells Station of the Detroit Department of 
Water Supply was considered in the early 1920’s as a means 
of augmenting the water supply of a rapidly increasing 

population in Detroit and vicinity. The phenomenal growth 


of the automobile industry together with new manufacturing 
plants attracted by the unique industrial conditions of this area, 
all served to focus attention upon the need for enlarged water- 
supply facilities. 


' Assistant Engineer Water System Construction (Power) of the 


troit Department of Water Supply. Mem. A.S.M.E. Mr. Rudd is 
& graduate of the University of Kentucky in mechanical engineering. 
He was formerly engaged as assistant engineer of water supply for the 
Louisville & Nashville Railroad Co., Louisville, Ky. He has been 
ee with the Detroit Department of Water Supply for the past 
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*Chief Plant Engineer, Springwells Station of the Detroit De- 
partment of Water Supply. Mem. A.S.M.E. Mr. Mullen isa gradu- 
ate of the University of Michigan in civil engineering. He was 
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Supply for 16 years, the last two years in his present capacity. 
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Tntil 1931, when the Springwells Station located in the western 
section of Detroit was placed in partial operation, the Detroit 
area was supplied only from the Water Works Park Station 
situated on the east side of the city close to the Detroit River. 
Proposals considered for future needs also include the possibility 
of locating a third pumping and filtration station in the north- 
east section of the city. 

Three sources of raw-water supply were considered, namely, 
Lake Huron, Lake St. Clair, and the Detroit River. The last- 
named source is already serving the existing Water Works Park 


Station. Because of the extremely high cost of constructing 
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Fie. 1 SHows Estimatep PopuLaTION CURVES FOR DETROIT FOR 
1900-1960, anp Comparison WitTH CuicaGo 1880-1920, anp New 
1850-1910 


long connecting tunnels to the lakes and the increased pumping 
plants costs the head of Belle Isle in the Detroit River was 
chosen as the source of supply. This location was deemed ade- 
quate to supply the contemplated water requirements up to 
1960, by which time shifting population and industrial changes 
might necessitate substantial revision in policy on plant exten- 
sion. Studies of population growth in Chicago and other large 
cities indicated that the number of people in greater Detroit and 
the 300 square miles embraced by the water service might reach 
3.4 millions by 1960, as shown in Fig. 1. The annual increase 
in water consumption corresponding to this growth and based 
upon a pumpage of 152 gal per capita daily, amounts to 10 or 
12 million gallons per day (mgd) for each succeeding year. 

The average annual consumption of water in the objective 
year, 1960, was estimated from these data at 520 mgd. Studies 
of the existing plant, modernized to increase its capacity, and 
of the sites chosen for the two new plants considered in conjunc- 
tion with several other factors, showed that this average daily 
capacity of 520 mgd could be divided economically as follows: 
Water Works Park Station, 220 mgd; Springwells Station, 180 
mgd; the future Northeast Station, 120 mgd. Estimates based 
on recorded daily-load curves and the full use of the Springwells 
site indicated that the raw-water pumping plant and filter plant 
should be designed for 135 per cent and the filtered-water pump- 
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ing plant and distribution system should be designed for 180 to 
190 per cent of the average daily water requirements. 

The Springwells Station includes raw- and _ filtered-water 
pumping plant, filtration and electric-power-generating plants. 
Raw water flows by gravity from the Belle Isle intake through 
a tunnel extending under the City of Detroit to the inlet well 
of the station. A low-lift pumping plant takes water from 
this well and discharges it into two conduits leading under the 
power plant to the mixing chamber, coagulation basin, and the 
filter plant. Filtered water passes either to storage or to the 
suction of the high-lift pumps discharging into the distribution 
system. Fig. 2 is a diagrammatic layout indicating the flow 
pattern described later at greater length. 

Several technical papers and articles describing some of the 
hydraulic- and civil-engineering features of the Springwells 
Station have already been published. The bibliography? in- 
cluded in this paper for convenience of those who wish to study 
design and operation further, lists these publications and others 
to which reference is made. 

While the present paper gives a brief account of the hydraulic 
and civil-engineering features of the project, the primary pur- 
pose is: (a) To review the reasons for choosing motor-driven 
centrifugal pumps for both the high- and low-lift sections of the 
pumping station, giving an account of this equipment and its 
characteristic performance; (b) to describe the electrical gener- 
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ating plant built on the site, with provision for limited emer- 
gency service from a central-station supply; (c) to compare the 
expected performance of the station and its equipment with 
test results and with operating results obtained to the present 
time. 


1 HYDRAULIC AND CIVIL-ENGINEERING FEATURES 


The principal hydraulic and civil-engineering features of the 
plant are: (a) the river-water intake and tunnel to the scree? 
chamber, (b) the land tunnels to the pumping station, (c) the 
low-lift plant, (d) the filtration plant, and (e) the high-lift plant 
feeding the city mains. Each of these features is deemed 


3 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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of the plant to be described at some length. 


RIveER-WATER INTAKE 


goon built at the head of Belle Isle in the Detroit River. 


model built to scale. 


Detroit River, with reference to pollution from Fox and Conners 
creeks. 


from frazil ice and also to produce a better supply of water were 
contemplated. 

The lagoon has an entrance at the northeast, or upstream, end, 
a back channel to the south, and intake structure at the west 
end. The effective length of the lagoon is 2600 ft, the width 
about 200 ft at the mouth and 450 ft near the intake structure, 
and the depth about 28 ft (1, 2).° 

Water from the lagoon is led into the intake structure through 
two shafts, one leading to the old 10-ft diameter river tunnel, 
placed in service in 1905 and the other to the new 15'/,-ft di- 
ameter river tunnel about 4250 ft long terminating in the screen 
chamber in Water Works Park. The new tunnel was placed 
in service in 1931. The old brick-lined river tunnel is built in 
clay with its invert, i.e., the bottom inside, 66 ft below the river 
level; the new tunnel is concrete-lined, built in rock with its 
invert 181 ft below river level. An emergency water inlet from 
the river, independent of the lagoon, is connected to the intake 
structure. Emergency operation, controlled by a large float- 
operated poppet valve, occurs when the water level in the la- 
goon falls 12 or more in. below the river level. 


Lanp TUNNELS 


The iand tunnels, conveying water from the screen chamber 
in Water Works Park to Springwells Station, are about 10'/2 
miles long. From Water Works Park, a 14-ft diameter section 
extends approximately north about two miles to a junction well, 
where two connections are provided. One connection, 10 ft in 
diameter, for the future extension to the northeast, is blocked; 
the other ties into the 12-ft diameter section proceeding west 
to the Springwells Station. The tunnel, concrete-lined, was 
built in clay; and a large part of the work was done under com- 
pressed air. With a coefficient C=120 in the Williams and 
Hazen formula, the tunnel capacity to the junction well is 570 
mgd, and from there on, 350 mgd. The capacity of the future 
northeast extension is estimated at 220 mgd. The 14-ft section 
of the tunnel under 67 ft head of water at Water Works Park 
rises 25.7 ft to the junction well; the 12-ft section then declines 
18.8 ft to the station. The invert of the tunnel is 93 ft below 
grade at the entrance to the low-lift plant (3). 


Low-Lirr Pumptne PLANT 


The low-lift pumping plant, because of the depressed hydrau- 
lic grade line occasioned by the long tunnel from the river in- 
take, required several novel features, among which were: (a) 
adeep pit for the low-lift pumps, (b) motor-driven centrifugal 
pumps in both the low-lift and high-lift plants, and (c) a com- 
bination of constant-speed and adjustable-speed motors of 
various sizes to take load fluctuations in an efficient manner. 
In order to appreciate the function and duty of these centri- 
ugal pumps, as well as the reasons for selecting motor drives, 
4 description of the hydraulic plant is given before reviewing 

engineering studies made on the available pump drives. 

Low-Lift Pumping-Plant Studies. The low-lift pumping plant, 
because of the difficult conditions already described, was the 


HYDRAULICS 


sufficiently outstanding and pertinent to the mechanical design 


The intake consists of a stone and concrete structure and la- 
The 
lagoon, intake, and river tunnel have been designed for a maxi- 
mum capacity of 940 mgd, with an average flow of 700 mgd. 
The lagoon design was based on preliminary studies made on a 
Surveys and tests were also made in the 


Low approach velocities tending to reduce troubles 
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subject of intensive study. Twenty-one different schemes, 
all involving the use of centrifugal pumps, were investigated. 
The schemes are outlined below as typical examples of various 
methods studied to meet adverse conditions, namely, nine de- 
signs with vertical motor-driven pumps in a circular plant, four 
designs with horizontal motor-driven pumps, three designs 
with horizontal turbine-driven pumps in a circular plant, three 
designs of rectangular plants with both horizontal motor and 
turbine drive, and two special designs of cellular structures 
built up of independent shafts, each shaft containing a vertical 
motor-driven unit. The study reviewed also the problems in- 
volved in the several designs from the standpoint of construction 
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Fig. 3 Cross Section or Low-Lirr Pumpine PLant, SHOWING 
LocaTION oF Pumps, DISCHARGE AND SucTION, AND SuRGE FLUMES 


difficulties, water-surge adequacy, operating reliability, and 
cost. 

Particular attention was given the relative reliability of the 
two practicable kinds of motive power, namely, steam and 
electricity. Because of cost, water turbines had been eliminated 
from consideration. The principal objections to the use of 
steam were that, since the turbines must be placed about 70 ft 
below finished grade, long vertical 8-in. feeder mains would be 
required for carrying 300-lb steam to the throttle; that the sup- 
port of these mains introduced unusual structural problems; and 
that stresses arising out of pipe movement might result in joint 
failure. Further it was pointed out that although it is perhaps 
practicable to supply automatic-control equipment for the 
prompt closure of a broken header, the breakage of a main in a 
station so far below ground might result in serious injury or 
death to employees. 

The reliability of electric motors, assuming that they were 
placed out of the reach of flooding, was limited only by the failure 
of the motors themselves or by the failure of the source of supply. 
The duplication of units was proposed to provide for the first 
contingency, and duplicate underground feeders from an adja- 
cent power plant and a partial reserve supply from an independ- 
ent source of power, for the second. The contingency of 
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flooded motors was eliminated by the use of vertical units, with 
the motor floor placed above the level of the river. In the plant, 
as built, flooding of any sort has been reduced to the possibility of 
a broken pump casing, as the surge chambers are incorporated 
in the outside walls of the structure, and the pumps discharge 
up through vertical concrete conduits, also in the walls (4). 

Low-Lift Pumping Plant. The low-lift pumping plant re- 
ceiving river water from the tunnel previously described, is 
shown in cross-sectional elevation in Fig. 3. The circular well 
housing the pumping plant is 55 ft in diameter, and contains 
eight main-unit and two auxiliary motor-driven vertical cen- 
trifugal pumps. The total rated capacity of the plant is 435 
mgd against a head of 50 to 60 ft. Main and auxiliary pumps 
are driven by motors of 750 hp, 350 hp, and 100 hp. 

The pumps discharge into vertical flumes built between two 
concentric cylinders, with a separate flume for each main pump 
or eight in all. These flumes terminate in a weir, located in the 
top of a common conduit placed with its top at the main-floor 
level. Between the pump flumes there are eight open spaces 
running to the bottom of the substructure. These spaces 
serve as water-surge chambers. Since there is a weir connected 
to the water conduit at the top of each space, this design gives 
a spilling-type surge well. After the pumps were placed in ser- 
vice, test measurements of a surge were found to be close to 
predictions made from the model-test survey (5). The pumps 
located 40 ft below the motors driving them were so placed that 
the suction lift at maximum demand would not exceed a dy- 
namic lift ot 12 ft. 

The pumps are equipped with hydraulically operated gate 
valves, controlled by electric-solenoid four-way valves. The 
gate valves on the discharge side are electrically interlocked 
with the control circuit of the motors. The control is such 
that while the pump can be started from the switchboard only, 
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it can be stopped both at the switchboard or at the pumps. The 
two auxiliary pumps, arranged to pump from the tunnel or the 
low-lift pumping plant, can also pump out the tunnel for de 
watering purposes. 


FILTRATION PLANT 


Raw water from the low-lift pumping plant flows by gravity 
under the turbine house to the mixing chamber, where a small 
amount of chlorine is added. The water prior to reaching the 
mixing chamber is dosed with a solution of alum and ammonium 
sulphate and, as this solution is added before reaching the low- 
lift plant pumps, these aid in the mixing process. The alum 
serves to coagulate and entrain the suspended matter in the 
water. The chlorine and ammonium sulphate form chloramines 
which serve to sterilize the incoming water, thereby placing 
less bacterial load on the plant. From the mixing chamber, 
the water passes to the sedimentation basin, where its detention 
is two hours at the normal rate of operation. 

After the sedimentation the water flows to the filters where 
the material which was too fine to settle is removed. Sand 
filters which are constructed for backwashing, filter at the rate 
of 0.3 ft per minute. After filtration, another small quantity 
of chlorine is injected as the water is conveyed to storage rese! 
voirs or to the high-lift pumping plant. 

The filtration plant will ultimately consist of 68 filters of 
272 mgd total capacity. Each filter has an area of 0.025 acres 
and is of the rapid sand type designed for an output of 4 mgd, 
or 160 mgd per acre per day. The filter medium consists of 2) 
inches of filter sand on top of 18 inches of gravel varying i 
size from coarse to fine. 

The average amount of chemicals used for dosing is as follows: 
alum 100 Ib per mg, ammonium 2 Ib per mg, prechlorine 1.5 | 
per mg, postchlorine 1.0 lb per mg. 
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Eventually there will be three 20-million-gallon filtered- 
water reservoirs amounting to 22 per cent of the maximum ca- 
pacity of the filter plant. Two reservoirs of concrete construc- 
tion about 20 ft deep and with an area of 3.3 acres are now in 
service. The mixing chamber, sedimentation basins, filters, 
chemical house, laboratory, and reservoirs are all grouped as a 
part of the filtration system. 


Higu-Lirr Pumpina PLant 


The high-lift or filtered-water pumping plant taking water 
from the filter plant or underground-reservoir storage, delivers 
it to the city-mains distribution system. Because of the ex- 
tensive area covered by the system, it is divided into four inde- 
pendent zones, two high-pressure, one intermediate-pressure, 
and one low-pressure. Springwells Station supplies one of the 
high-pressure zones and, in parallel with Water Works Park Sta- 
tion, the intermediate-pressure zone. The low-pressure zone 
is served solely by Water Works Park Station. The high-lift 
plant accordingly operates in two sections at different pressures. 

There are 16 pumps, placed in pairs in 8 pump pits, each about 
18 ft deep. The present sizes are 17, 30, 40, and 50 mgd each. 
Ultimately the 17-mgd units will be replaced by 40- and 50-mgd 
units making the total installed capacity 680 mgd. 

Driving the pumps are four slip-ring and twelve synchronous 
motors of 700 to 1725 hp. The heads pumped against are 140 
and 200 ft, respectively, for the intermediate- and high-pressure 
zones. Each pump is connected to a double main, located in 
the pipe vault, through an automatic check valve and hydraulic 
gate valves. The six distribution mains leading from the 
pumping plant to the street mains are constructed of 72-in. steel 
pipe. All pumps are controlled from the main switchboard. 
Fig. 4 shows a cross section through the high-lift pumping plant, 
with the arrangement of the pumps and piping. 

The centrifugal pumps have a steep capacity-head character- 
istic, but even so it was necessary to install 680 mgd capacity 
in order to provide for 2 maximum hour rate of 400 mgd, with 
70 mgd in pumps in reserve capacity. Hence, it was necessary 
to install a rated pump capacity of over 50 per cent greater than 
the maximum demand. A typical characteristic-curve study 
for the selection of pumps to match the city-water demand is 
shown in Fig. 5. This figure shows the relation of the load 
Curve, which rises as the load increases with respect to the ca- 
Pacity-head curve of the centrifugal pump, where decreasing 
‘apacity accompanies increased head. 

Check and Gate Valves. Other features of the pumping plant 
Which merit a short description are the check and gate valves. 

of the most important functions in a pumping plant is that 
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performed by the check valve in the discharge line of pumps. 
Water check valves must close quickly, without water-hammer 
effect, and should also be equipped to permit throttling of the 
flow. Eighteen automatic-type water check valves in sizés 
of 16 in. to 36 in. are installed. All main gate valves on the 
pumps are of the hydraulically operated solid-wedge disk type. 
The water pressure for operating the gate and check valves is 
100 lb per sq in. supplied by booster pumps, storage tanks, and 
piping system. 


2 ENGINEERING STUDIES OF PUMP DRIVES 


The Springwells Station when first proposed, presented several 
design complications as the result of: (a) the necessarily depressed 
hydraulic grade line at the site attendant upon a long river- 
water tunnel, (b) the location with respect to the city-mains 
distribution system and its fluctuating water flow, and (c) the 
consideration of economy of operation and similar factors. The 
first problem was met as has been described by the construction 
of a deep-well low-lift pump plant. The second and third diffi- 
culties happily were met simultaneously by the use of motor- 
driven centrifugal pumps throughout the station with combina- 
tions of constant-speed and adjustable-speed motors of various 
sizes to accommodate efficiently the load variations. The con- 
siderations governing the selection of pumps are reviewed under 
the title “Relative Pumping-Equipment Costs.” The sources 
of power supply, and electrical generating plant on the site, and 
partial stand-by service, are described in other sections. 


RELATIVE Costs 


Engineering studies were made on the relative construction 
and operating costs of the plant. At the outset, the following 
types of drive for centrifugal pumps were considered: 


1 Steam-turbine drive through helical reduction gears 
2 Variable-speed electric drive with 
(a) A combination of constant- and adjustable-speed motors 
(b) Slip-ring type motors. 
3 Constant-speed electric drive, with 
(a) Synchronous motors 
(b) Squirrel-cage motors. 


Preliminary studies based on available cost data and load- 
duration data led to the following conclusions: (a) The total 
investment required for each type of motor drive is less than 
for turbine drive; (b) the annual costs for fuel, maintenance, 


and labor is less for motor drive than for steam-turbine drive; 
(c) the reliability afforded by motor drive is at least equal to 
This particular conclusion was premised 


that of turbine drive. 
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on the installation on the site, of turbogenerators having a capa- 
city equal to the maximum hour capacity and a stand-by trans- 
former installation equal to the capacity of one turbogenerator, 
to permit shutting down for overhaul; (d) capacity and head 
regulation adequate for conditions of minimum, average, and 
maximum demand can be obtained by providing one or two 
variable-speed slip-ring motors in each service. 

The final engineering study was reduced to four schemes, 
namely: 


1 Alternating-current motor drive for all main pumping 
units, embodying a combination of constant-speed, synchronous, 
and variable-speed slip-ring motors. 

2 Steam-turbine drive for all high-lift pumps and d-c motor 
drive for all low-lift pumps. 

3 Steam-turbine drive throughout. 

4 Steam-turbine drive in the high-lift plant and water-turbine 
drive in the low-lift plant. 


The comparative estimates are summarized in Table 1. The 
figures, although comparable, are not complete as they do not 
include those costs common to all schemes. 


Fic. 7 Cross Section or BorLerRHOUsE, SHOWING DesIGNn or Masor Units or STEAM-GENERATING EQUIPMENT 


TABLE 1 COMPARATIVE COST ESTIMATES FOR PUMPING 
STATIONS AND EQUIPMENT OF ITEMS NOT COMMON TO ALL 


SCHEMES 
Annual 
Construction operating 
Plan cost cost 
Alternating-current motors throughout........... $2,316,560 $588,160 
Steam turbines in high lift and d-c motors in low 
Steam turbines throughout..................... 2,319,050 619,630 
Steam turbines in high lift and water turbines in 


On the basis, therefore, of a lower cost in the plant as a whole, 
and of greater reliability in the low-lift plant, motor equipment 
throughout, with an adjoining steam-electric generating plant, 
was adopted by the Board of Water Commissioners (6, 7). 


PRECEDENTS FOR Pumpina EquiIpMENT 


Prior to 1923, all water pumping in Detroit had been done 
with plunger pumps, driven by reciprocating steam engines. 
The original installation at Water Works Park, consisting of one 
compound pump with a capacity of 24 mgd, was put into service 
in 1877. Then, during the following 46 years, 10 triple-expan- 
sion and two compound engines, with capacities of 25 to 37 mgd 
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were installed. In the year 1924 there was installed in this sta- 
tion a total capacity of 378 mgd in steam pumping engines. 

It is of interest to note that, although the policy of the Water 
Department until 1924 was to distribute water with triple-ex- 
pansion engines, since that time all new units, including all of 
the new Springwells plant, have been motor-driven centrifugal 
pumps. 


3 POWER PLANT 


The necessity for insuring absolute continuity of service 
prompted the choice of an electric power-generating plant on the 
Springwells site rather than dependence wholly on transmission 
lines from outside supply, even if available from two independent 
sources. Limited throw-over service has been provided for re- 
serve capacity, however, to the extent of one main unit. The 
power-plant design was based on generating 95 per cent of the 
power requirement and purchasing the remainder from a cen- 
tral-station source. It was estimated that water pumpage 
would require 4000 kw per 100 mgd or about 96,000 kwhr daily. 

The initial installation consists of two 5000-kw main and three 
500-kw auxiliary turbogenerators with a 5000-kw stand-by trans- 
former bank connected to the Public Lighting Commission’s 
system to provide an emergency supply from an outside source. 
This capacity is sufficient for a maximum hourly pumping rate 
corresponding to 275 mgd or 11,400,000 gal of water per hr. 
The steam-generating equipment includes two boiler units each 
with a maximum output of 90,000 lb of steam per hr. 

The ultimate installation will consist of four 5000-kw main 
units, four 500-kw auxiliary turbogenerators, and four 90,000-lb 
per hr boilers. The stand-by connection of 5000 kw will, of 
course, be retained. The ultimate plant is designed to match 
the maximum hourly pumping rate corresponding to 550 mgd or 
22,800,000 gal of water per hr. A cross-sectional elevation of 
the powerhouse is shown in Figs. 6 and 7. 


TURBOGENERATORS 


The main steam turbines are 15-stage, 3600-rpm machines, de- 
signed for operation at 350 lb gage steam pressure, 700 F tempera- 
ture, and condensing operation at a back pressure of 1/2 in. mer- 
cury. The generators rated at 5000 kw, at 80 per cent power 
factor, are 4600-volt, 3-phase, 60-cycle. The turbines are 
equipped with bleed points at the ninth and twelfth stages for 
extraction-steam feedwater heating. 

The auxiliary turbogenerators are 6-stage, 500-kw at 80 per- 
cent power factor, 460-volt, 3-phase machines, with condensers. 
The turbines are of special bleeder type to supply building-heat- 
ing requirements. 


CoNDENSING WATER 


The condensing water for the condensers is taken from one of 
the two raw-water tunnels passing through the condenser room 
as shown in Fig. 2. The water is drawn through the main-unit 
10,000-sq ft surface condensers by means of two 4000-gpm, 
13'/,-ft head, d-c-motor-driven centrifugal pumps. Because 
of conditions requiring the condensers to be below water level, 
the pumps need to overcome friction and velocity-change losses 
only. The 800-sq ft condensers for the auxiliary turbines are 
supplied from an auxiliary tunnel connected to the main raw- 
water tunnels. Each machine has one condensing-water pump, 
driven by a d-c motor. Since the amount of condensing water 
is small compared with the quantity of raw water being pumped, 
the increase in raw-water temperature is negligible. 


PowER-PLANT AUXILIARIES 


After an extended study of the various types and methods of 
operating power-plant auxiliaries, it was decided to provide the 


power plant with 240-volt, d-c motor-driven auxiliaries, with 
adjustable speed control for each motor using a heavy-duty drum- 
type controller, mounted in a steel cubicle with a carbon circuit 
breaker, ammeter, and related equipment. Power is supplied 
through an open-type ring bus made up of three 4 X !/,in. 
copper bars making a complete circuit of the turbine room and 
boilerhouse. The 240-volt direct current is supplied by three 
400-kw motor-generator sets, operated on 460-volt, 3-phase 
power from the 500-kw turbogenerators. 

The power-plant auxiliaries are entirely separated from the 
auxiliary-power equipment of the pumping and filtration plants, 
where 440-volt, 3-phase a-c motor-driven auxiliaries are used. 


Sranp-By Power Suppiy 


The power plant was designed to have a central-station feeder 
with a capacity equal to one main turbogenerator to meet emer- 
gency requirements, such as loss of one of the generators during 
peak loads. Hence, it was not necessary to provide reserve 
capacity in main turbogenerators and _ boilers. 

The central-station feeder is a 24,000-volt line from the Pub- 
lic Lighting Commission’s system, which has an 80,000-kw 
steam-generating plant about five miles from the Springwells 
Station. This feeder is connected to a 5000-kw, 80 per cent 
power factor, 24,000/4600-volt power transformer. The service 
is used continuously at a very low load, about 100 kw, and is 
ready for stand-by service up to a demand of 5000 kw. The 
Springwells generators are operated in synchronism with the 
P.L.C. power system. 


ELECTRICAL SYSTEM 


The electric-power system was designed for 4600-volt, 60- 
cycle, 3-phase alternating current for the main units; 460-volt, 
60-cycle 3-phase power for the auxiliary units; 240-volt d-c 
power for the power-plant auxiliaries; 220-volt d-c power for 
the exciters of the synchronous motors of the main pumps; 125- 
volt power from storage batteries for operation of oil circuit 
breakers and emergency lighting system; 110/220-volt, 3-wire, 
a-c lighting system and 18-volt power from storage battery for 
operation of the switchboard signal system. 

The 4600-volt switchgear is of the metal-clad oil-circuit-breaker 
vertical-lift, heavy-duty type. The bus is arranged in five parts, 
one for each main turbogenerator plus a synchronizing bus that 
is connected to the generator bus sections through bustie re- 
actors. 

The main switchgear and bus system required much study 
from the standpoint of (a) the size and current-interrupting 
capacity of the oil circuit breakers, (b) the surges caused by 
starting motors on large centrifugal pumps, (c) the central- 
station feeder, and (d) the operating problems with 5000-kw 
turbogenerators in synchronism with a central-station power 
system. 

The 460-volt switchgear is of the oil-circuit-breaker, metal- 
cubicle type. The bus is in duplicate so that each feeder may 
be supplied by either bus. 

There are three separate storage batteries, each complete 
with its battery-charging motor-generator sets. There are 
two 60-cell storage batteries for 125-volt service, one for oper- 
ating solenoids on the oil circuit breakers and the other for the 
emergency lighting service throughout the various buildings. 
The third storage battery is of the 8-cell, 18-volt type, for opera- 
tion of signal and instrument lights on the switchboards in the 
pumping and power plants. 


SreAM GENERATION 


Each steam-generating unit includes a boiler, and underfeed 
stoker, superheater, air heater, economizer, and a forced-draft 
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and an induced-draft fan. The 4-drum bent-tube boiler is de- 
signed for 380-lb pressure and a normal output of 70,000 lb of 
steam per hr. Provision is made for a maximum evaporation up 
to 99,000 Ib per hr. The side and bridge walls of the 4125-cu ft 
combustion chamber are lined with 3!/,-in. OD No. 7 Bwg plain 
water-cooled tubes. The total radiant and convection heating 
surface amounts to 10,898 sq ft per boiler. 

A convection superheater of 1740 sq ft is located in the first 
gas pass to receive a portion of radiant heat at low rating and 
accordingly to minimize the range of superheated-steam tem- 
perature variation. At the maximum rating the guaranteed 
steam temperature is 715 F. 

The economizer surface amounting to 2673 sq ft per unit is 
installed. It consists of 2-in. OD plain tubes stacked 22 tubes 
high and 16 tubes wide, joined by wrought-steel return bends. 

The air heater which is of the mechanical regenerative ro- 
tating type has an active heating surface of approximately 
9500 sq ft and supplies air to the fuel bed at temperatures up 
to 300 F. 

The underfeed stoker for each boiler unit has 8 retorts each 
with 31 standard-thickness tuyéres and a 4row undulating- 
link extension grate. The total projected area of each stoker 
is 195 sq ft. Each stoker is guaranteed to burn 8900 lb per hr 
of 13,500-Btu coal and 11,000 lb per hr of 12,000-Btu coal. The 
stoker is driven through a crankshaft by a d-c motor with a 
drum-type manually operated controller. The clinker grinder 
is separately operated by a manually controlled d-c motor. 

A steam-generating unit includes one induced- and one forced- 
draft fan separately driven by adjustable-speed d-c motors. 
The fans, located on the top floor of the boilerhouse, are designed 
for starting and stopping at that point. Speed is remotely 
controlled from the boiler-operating board located on the main 
floor of the boiler room near the stoker. The forced-draft fan 
is designed for a maximum capacity of 45,000 cu ft per min of 
air at 70 F, against a static pressure of 13.5 in. of water. The 
induced-draft fan is rated at a maximum capacity of 75,000 
cuft per min of flue gas at 300 F, against a static-pressure differ- 
ential of 11.0 in. of water. 

In front of each boiler is a control panel on which are mounted 
the operating instruments such as steam-flow air-flow meter, 
draft gages, CO, meter, pressure gages, temperature instruments, 
and controls for forced- and induced-draft fans, stokers, dampers, 
and related items. 

Piping System. The superheated-steam piping system is 
arranged as a loop header at the top floor of the boilerhouse 
with two 8in. supply feeders leading to the basement of the 
turbine house where there is another 10-in. pipe loop-header 
system which connects with the feeders for each main and auxiliary 
turbine. The piping is laid out and all necessary sectionalizing 
valves are installed so that additional changes will not be nec- 
essary when future turbines and boilers are installed. 

There are also two 4-in. saturated-steam headers connected 
to each boiler and leading to duplicate pressure-reducing 
Stations, where steam is reduced from 380 to 200 lb per sq in. 
Duplicate 200-lb pressure lines convey steam to feeder lines 
for auxiliaries such as soot blowers and air ejectors. The 200-lb 
pressure line is connected to a second reducing station to provide 
a 3 to 8-lb emergency steam supply for building heating. 

Feedwater Cycle. Condensate from the auxiliary units and 
building-heating returns are injected into the main-unit con- 
densers for deaeration before returning to the feedwater system. 
Duplicate hotwell pumps of 250 gpm and 200-ft head driven by 
d-c motors, discharge condensate through two stages of feed- 
Water heating to the suction of the boiler feed pump at approxi- 
mately 40 Ib pressure. Make-up water amounting to 1'/, per 
cent of the total boiler feed is evaporated in an evaporator that 
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is supplied with steam from the ninth-stage extraction line of 
each main turbine. 

There are two feedwater-storage tanks of the open type filled 
with distilled water to meet emergencies and fluctuations in con- 
densate demand attendant upon load changes. Storage-tank 
water is discharged to the main condensers to be deaerated before 
entering the boiler feed system. 

Condensate in the main condenser is maintained at a pre- 
determined level by two float valves, one of which is set higher 
than the other. The hotwell-pump supply of condensate to 
match the demand for boiler feed is thus insured. Any excess 
condensate is pumped through one float-operated valve to the 
storage tanks. In case of a deficiency, water is fed back to the 
main condenser from the storage tanks through the other float- 
operated valve. 

The design provides for an ultimate installation of five boiler 
feed pumps, two to be steam-turbine driven and three d-c-motor 
driven. For the present installation three six-stage centrifugal 
pumps have been provided, each of 300-gal-per-min capacity 
at 1050 ft head, to deliver feedwater at a temperature of 
275 F to the economizers, and thence into the boilers. One 
of these pumps is driven by a steam turbine and two by d-c 
motors. 

Building Heating. The heating system for the buildings, 
designed for a steam demand in zero weather of 25,000 lb per 
hr, normally is supplied by bleeding steam from the auxiliary 
turbines at gage pressures of 2 to 5 lb. The heating-system 
condensate is returned under vacuum to the main-turbine con- 
densers for deaeration. Before reaching the condenser, the 
heating returns pass through a heat exchanger to transfer some 
heat to the feedwater. 

Coal Handling. An outside coal-storage capacity of 18,000 
tons is provided to which coal is brought by means of railroad 
cars or motor trucks. Coal is unloaded directly into a track 
hopper and conveyed to coal bunkers or placed in the coal- 
storage pit. Handling from the outside storage pit to a re- 
claiming hopper is by means of a motor-operated 2-cu yd drag- 
line scraper capable of handling 75 tons of coal per hr. From 
the reclaiming hopper, the coal is carried on an apron conveyor 
conveying it to a crusher in which the lumps up to 24 in. in 
size are crushed to a final product not exceeding */, in. in size. 
From the crusher the coal is raised by a bucket elevator to a 
100-ton per hr belt conveyor from which it can be distributed 
to the bunkers or by-passed to a chute for outside coal storage. 

Ash Handling. Refuse from the boilers, after passing through 
the clinker grinders, drops into an ash hopper directly underneath. 
From the ash hopper cinders are handled through sluiceways 
into a water-filled ash-pump pit from which the refuse mixed 
with water is pumped to an overhead ash-storage tank by means 
of two centrifugal pumps. Cinders are removed from the ash- 
storage tank by dumping into motor trucks. 


SumMaArRyY OF Power-PLANT FEATURES 


In concluding this section on the power-plant design, there 
are certain unusual features that should be emphasized. For 
example, the combination pumping and power plants were de- 
signed for a four-step power-conversion plant (coal, steam, 
electricity, mechanical power), whereas nearly all other steam- 
operated water-works plants are of the three-step power plan 
(coal, steam, mechanical work) (8). The use of reasonably high 
steam pressures and temperatures (380 lb, 715 F) was also of 
marked interest. There were many features that received spe- 
cial study, prior to making decisions, such as type and size of 
electrical switchgear, size of turbines and boiler units, type of 
stokers, building heating, feedwater cycle, and coal and ash- 
handling systems. 
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4 EXPECTED PERFORMANCE GUARANTEES, AND 
ACCEPTANCE TESTS 


In preparing plans, specifications, and contracts for securing 
plant equipment, operating schedules were prepared and from 
these, estimates were made on expected performance of equip- 
ment. Bids were obtained based on guaranteed results with 
penalty and bonus clauses in the contract. This feature is an 
important phase of purchasing major equipment for a municipal 
project in that the city charter of Detroit requires that contracts 
be awarded to the lowest responsible bidder. The bids were 
evaluated, based on contract cost, plus the power-operating 
costs over a 20-year period, with such items as interest, cost of 
power, hours of operation, and similar items taken into account. 
The contracts were awarded on the basis of the lowest evaluated 
bid, where the bidder complied with all requirements of the 
specifications, with the understanding that field tests were to be 
performed and a bonus or penalty applied to the contract, depend- 
ing on whether the field tests showed better or poorer perform- 
ances than those guaranteed by the bidder. 

The contracts for the major pumping equipment required that 
the contractor construct and test to the satisfaction of the water 
department, a model pump or pumps. These models were used 
and from the test results obtained on them, there was calculated 
the expected performance that would apply to the full-sized 
pumps. The latter were constructed in direct ratio to the size 
of the model pump as to design of all parts of the pumps. The 
results obtained through designing from model-pump tests have 
been most satisfactory. One of the reasons for having model 
pumps constructed is that pump manufacturers are unable to 
test large pumps in their shops. Further, model pumps offer the 
manufacturers economical means of altering pump designs which 
would not otherwise be practicable in constructing large pumps. 
By making proper allowances for ratio factors, the model-pump 
test is considered equal to tests on full-sized pumps. 

Since design and cost data are technically open to public in- 
spection, contract prices, bonuses, and penalties are given in this 
paper. Reviews are outlined on the acceptance tests on (a) 
the hydraulic pumps in the low- and high-lift pumping plants, 
(b) the turbogenerators, and (c) the steam-generating equipment. 


AccEPTaNCcE Tests oF HypRAvLic Pumps 


Field acceptance tests were made after the equipment had 
been installed and operated. 


The field test methods and results are described in the following 
sections. 

Pump-Test Methods. Heads were measured by means of 
mercury manometers and piezometer on the suction and dis- 
charge flanges of the pumps. Capacities were measured by 
means of a manometer connected to large venturi tubes. The 
specific gravity of the manometer fluids varied from about 1.25 
to 2.8 depending upon the size of the venturi tube and the flow 
to be measured. Power input to the motors was measured with 
an indicating polyphase wattmeter and checked with a rotat- 
ing standard. 

The test procedure followed as nearly as possible the A.S.M.E. 
Power Test Code. Each pump in the low-lift and high-lift 
plants was tested over the operating range of heads and a sepa- 
rate test curve was plotted. In general, the duration of each 
test was for a period of twenty minutes with sufficient time in- 
terval at each test load to allow stabilization of the new load. 
Changes of load were accomplished by throttling the discharge 
or check valves of the pumps. 

The determination of heads on the low-lift pumps was es- 
pecially difficult because of the low head range of these pumps 
(40 to 70 ft total dynamic head). A pressure-equalizing ring 
encircling the suction and discharge flange and connected at the 
quarter points of the pipe was installed on all pumps, and the 
head-measuring manometers were connected to the pressure 
rings. 

A manometer or U tube was used to measure the discharge 
heads on the high-lift pumps. The open end extended about 
18 ft from the floor of the pump pit. 

Discussion of Pump-Test Results. When the preliminary 
tests on the low-lift pumps indicated that the performance of 
several pumps was below guaranteed conditions, the contractor 
was allowed to replace three impellers and to work on other 
impellers in order to increase efficiencies and more nearly meet 
guaranteed capacities. A summary of the average overall 
weighted test efficiencies with bonus and penalty amounts ap- 
pears in Table 2. 

The field tests on the pumps showed that they varied from 
the predicted results, obtained from the tests on the model 
pumps, from 3 per cent below to 1 per cent above the overall 
weighted efficiencies, while the field-test efficiencies varied from 
0.75 per cent below to 3'/2 per cent above the guaranteed efficien- 
cies. The bonus anticipated by the pump contractor was less 
than indicated from model-pump-test results. Nearly all the 


TABLE 2 SUMMARY OF ACCEPTANCE-TEST RESULTS LOW- AND HIGH-LIFT PUMPS AVERAGE OVERALL WEIGHTED 
EFFICIENCIES—PER CENT 


Total excess 


or deficiency Bonus or 
Predicted for each class penalty, 
Guaran- from model of pumps, rate per 
Pump number teed tests Field test per cent cent Bonus Penalty 
Low-lift pumps 
1 and 2 
3, 4, and 5 
6, 7, and 8 
80.79 82.51 81.022 +0.696 2,000.00 
$1,392.00 $1,952.00 
560.00 
High-lift pumps 
13 and 19 
79.592 81.63 81.482 +3.780 $1,300.00 $4,914.00  ...... 
14 and 20 
80.558 82.59 §1.0595 +1.003 1,100.00 
11, 15, 17, and’ 21 
84.176 86.35 84.817 +2.564 1,700.00 4,368.80  ..... 
16 and 18 
84.255 84.50 83.906 —0.698 |. 977 .20 
12 and 22 
82.521 85.27 86.132 +7 .222 1,600.00 
Totails....... $21,931.30 $977.20 
Net bonus... 20,954.10 
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pumps were overcapacity, which was remedied on some of the 
pumps. 

The idea of pump testing in the field, its advantages and dis- 
advantages, has been under active discussion for some time. 
It has been borne out in this case that it is to the purchasers’ 
advantage, especially where bonus and penalty contracts apply, 
to have acceptance tests made in the field, but it is also to the 
mutual advantage of the purchaser and manufacturer to have 
shop tests made on pumps prior to shipment, either model-pump 
tests or tests on the full-sized pumps. 


TURBOGENERATOR ACCEPTANCE TESTS 


The contracts for turbogenerators included a bonus and 
penalty clause establishing a value of $20 per lb of weighted 
steam flow per hr. The manufacturer guaranteed the turbo- 
generators at the various loads set up in the contract (a defi- 
nite weight factor to be used in averaging was established for 
each load) for both extracting and condensing operation, al- 
though the contract specified that field tests were to be made 
with full condensing operation. 

Before testing operations began the units had operated longer 
than had been anticipated and therefore each machine was 
opened and cleaned thoroughly in preparation for test. In so far 
as possible, the test methods used conformed to the A.S.M.E. 
Power Test Code. Condensate was weighed with 10,000-lb 
test weigh scales. Initial steam temperature was measured 
with mercury-in-glass thermometers calibrated for full immer- 
sion and calibrated thermocouples. Initial steam pressure was 
measured with dead-weight gages and checked by Bourdon pres- 
sure gages, graduated in 2-lb divisions. The electric-power 
output of the generator was measured by means of two single- 
phase indicating wattmeters. Condenser leakage was measured 
with a dionic water tester. Corrections were applied to the field 
results for condenser leakage, throttle steam pressure, tempera- 
ture, and back pressure. 

A back pressure of 1'/: in. abs was maintained constant by 
a bleeder valve connected to the condenser and a direct-reading 
back-pressure gage. Back pressure was measured by differ- 
ence between a mercurial barometer and two specially built 
mercury-column vacuum gages. Each of these instruments 
could be read to 0.01 in. of mercury. The tubes of the vacuum 
gages were of large bore to eliminate the need of correction 
for capillarity. 

All instruments were calibrated before and after the tests. 

In order to indicate clearly the method of evaluating the 
weighted steam flow and the application of the bonus and penalty 
system, Table 3 is included to show the guarantee on the 5000- 
kw turbogenerators. 


TABLE 3 SUMMARY OF GUARANTEED WEIGHTED STEAM 
FLOW FOR ONE 5000-KW TURBOGENERATOR 


Total Weighted Steam 


Load Power steam flow, Weight steam flow, rate, lb- 
kw factor Ib hr factor Ib hr kwhr 
eee 0.8 26,900 0.05 1345.0 10.76 
3000........0.8 31,410 0.05 1570.5 10.47 
0.8 35,945 0.10 3594.5 10.27 
0.8 40,560 0.20 8112.0 10.14 
0.8 45,135 0.20 9027.0 10.03 
5000. st 49,800 0.25 12450.0 9.96 
BRR 0.88 54,725 0.10 5472.5 95 
ee 1.00 62,500 0.05 3125.0 10.0 


Guaranteed weighted steam flow............ 44,6965 


The values which are given in Table 3 are based on 
straight condensing operation with steam at a pressure of 
350 Ib per sq in. gage and with a temperature of 700 F at 


the turbine throttle and against a back pressure of 1!/; in. 
mercury, 
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TABLE 4 COMPARISON OF GUARANTEED AND TEST PER- 
FORMANCE 5000-KW AND 500-KW TURBOGENERATORS 


-——5000-Kw units-—— -——-500-Kw units-—— 


Load range, kw... 2500 to 6250 125 to 625 
Power-factor range 0.8 to 1.00 0.8 to 1.00 
Guarantee Test Guarantee Test 

Steam-rate range, 

lb po kwhr.... 9.95-10.76 9.77-10.96 12.80-17.60 13.32-18.13¢ 
Weighted steam 

flow, lb per hr. . 44,696.5 No. 1—44,928 5350.25 No. 1—5531¢ 

No. 2—5632 


No. 2—44,070 
$7885 


* Figures given for two 500-kw turbines only. Test on third machine not 
completed. 


RESULTS OF TURBOGENERATOR TESTS 


The turbogenerators were delivered and erected in the years 
1931 and 1932. However, due to the effects of the depression they 
were not operated until February, 1935, and field tests were not 
begun until October 30, 1935, although during the time the 
turbines were idle the internal parts were slushed with a pro- 
tective coating, and the buildings were heated in winter. 

The A.S.M.E. Power Test Code states that “the turbine 
must be in commercial operating condition.’ ‘Since this applies 
to cleanliness, it is thought it should be more specific as this 
can be a serious point of contention between the owner and the 
manufacturer. Inasmuch as dirty blading can affect the per- 
formance of a turbine considerably, the owner has a legitimate 
right to insist that the turbine be tested in a normally clean 
condition so that test results will conform more closely to operat- 
ing conditions. The manufacturer will probably insist that 
the turbine be tested in a factory-clean condition, which is not 
possible to attain in the field, even after a few days’ operation. 

The field-test results on the turbines are given in Table 4. 


Boiter AccEPTANCE TESTS 


The specifications for boiler-plant equipment stated that 
acceptance tests were to be made on all equipment by the De- 
partment of Water Supply in the presence of manufacturers’ 
representatives. Due to a variety of conditions, the boilers 
were in operation approximately seventeen months before accept- 
ance tests were conducted. In so far as practicable, the test 
methods conformed with the A.S.M.E. Boiler Test Code. The 
most unusual departure from the A.S.M.E. Code concerned 
the determination of feedwater quantity. The plant is not 
equipped to weigh feedwater although test weigh scales are 
provided for the weighing of condensate for turbine testing. A 
mechanical-type flow meter connected to a six-inch venturi 
tube in the boiler feed line was used to measure the feedwater. 
This meter was calibrated by means of the test weigh scales 
before and after the tests. Coal was weighed on automatic 
coal scales, which were calibrated with test weights. The 
various gas and air temperatures were measured with iron-con- 
stantan thermocouples connected through a selector switch to a 
potentiometer pyrometer. The temperature of superheated 
steam was measured by both a thermocouple and a mercury-in- 
glass thermometer. Refuse was not weighed but samples were 
collected and analyzed for contained combustible matter. 
The quantity of refuse was estimated by the A.S.M.E. formula. 
Flue-gas samples were drawn from three points in the duct at 
each sampling point and led to a combination mixing and bub- 
bling jar by means of an air-operated aspirator. Adjustments 
in gas flow in the three sampling lines were controlled by pinch 
cocks to divide the flow equally. Orsats were of both the metal 
and glass types. Fuel was sampled at the stoker hopper and 
analyzed several times during each test for moisture content. 
The distillation method was used for moisture determination. 
After each test the total collected coal sample was reduced and 
sent to the laboratory for analysis. 
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The coal used for boiler tests was from the Pittsburgh seam in 
western Pennsylvania. This is a low-sulphur semicaking type 
coal. The average proximate analysis of the coal used for all 
boiler tests was as follows: 


Volatile matter............ ....82.38 per cent (dry basis) 
60.88 per cent (dry basis) 


Heating value, Btu per Ib (dry basis)—14,040. 
REsuvctTs OF TESTs ON STEAM-GENERATING EQUIPMENT 


The results of the boiler tests conformed satisfactorily with 
the guaranteed values. It is believed that slightly better effi- 
ciencies could be obtained under ideal conditions of operation; 
the values of CO, in the flue gas during boiler tests were slightly 
lower than is ordinarily obtained in normal operation. This was 
mostly due to the slightly inferior burning characteristics of the 
coal used for boiler tests. The losses unaccounted for varied 
from 3.19 to 7.54 per cent. The higher value corresponds to 
the low boiler rating (less than 30,000 lb of steam per hr) and an 
intermediate value of 3.29 per cent corresponds to load of 56,000 
lb of steam per hr. 

The guaranteed and test results of the steam-generating equip- 
ment are given in Table 5. 

The estimated design heat balance, based on average winter- 
season load for the year 1950, indicated a steam-boiler generat- 
ing unit overall efficiency of approximately 83 per cent and a 
resulting annual heat rate of the power plant in “coal to switch- 
board,” of approximately 18,100 Btu per net kwhr. 


Err. 


w 1 20 25 
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The average annual expected heat-rate results of the ultimate 
plant are as follows: 


Coal, lb per kwhr (13,500 Btu per Ib).................... 1.34 
Thermal efficiency of the power plant, per cent........... 18.85 
Thermal efficiency of the pumping plant, per cent.......... 14.5 
Annual heat rate of power plant, Btu per kwhr.......... 18,100 
Electric power, kwhr per whphr.....................008- 1.01 


Coal required to pump 1,000,000 gallons of water 100 feet 


5 OPERATION AND COMPARISON OF OPERATING 
RESULTS WITH ACCEPTANCE TESTS 

Construction work for the entire station was practically com- 
plete except for the power plant at the end of 1932. Although 
the pumping plants and the filtration plant were placed on part- 
time operation in 1931, the city’s financial difficulties together 
with the lower load on the system because of the depression de- 
layed the final completion of construction and arrangements for 
placing the station on a twenty-four hour per day basis until 
1935. 

During the period of inactivity, or rather, throughout 1933 and 
1934, a small group of employees now in the operating division was 
engaged in making trial operations of all equipment in the pump- 
ing plants and in conducting and making up reports on accept- 
ance tests of the equipment. This work included tests of each 
individual pumping unit in the low- and high-lift pumping plants. 


PuMPING PLANTS 


The average daily pumpage by the high-lift pumping plant 
during the fiscal year ending June 30, 1936, was 112.3 million 
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Fic. 8 PumpaGe Curves 


(These curves show the variation 


in daily pumpage throughout a year. Curves of daily mean temperature and daily precipitation are included 


to show how these factors affect water demand.) 


é 


PARE 


bu 
| 
co 
10 


INCHES PRECIP 


HYDRAULICS 


TABLE 5 COMPARISON OF BOILER GUARANTEES AND TEST PERFORMANCES 
Guarantee 


HYD-59-3 


Guarantee 


Test Guarantee Test Guarantee Test 
Steam generated in boiler and waterwalls, lb per hr ........ 30,000 30,000 50,000 50,000 70,000 70,000 90,000 90,000 
Coal-burning rate, Ib 2,900 2,910 4,900 4,710 6,900 6,600 8,900 8,520 
Steam temperature in superheater outlet header, F.............. 688 658 699 66 710 665 663 657 
COs at boiler outlet, per 12.7 12.95 13.0 12.7 13.6 13.0 14.8 13.85 
Gas temperature: 
s oe 374 338 22 384 467 418 528 445 
187 195 215 223 245 247 273 263 
Temperature of air supplied oS aes 265 255 289 271 312 285 341 298 
Combustible in ashpit refuse, per cent....... a 11.0 ne 11.0 es 11.0 a 10.0 
Heat absorbed in economizer, per cent ........................ 4.0 4.5 4.75 4.75 
Heat absorbed in boiler and waterwalls, per cent............... 69.9 71.1 71.5 71.15 
Heat absorbed in superheater, per cent ....................... 10.4 po 11.0 10.45 


gallons with a maximum day of 151.8 million gallons and a maxi- 
mum hourly rate of 250 mgd. Of the two pressure systems into 
which this plant delivers, one designated as “intermediate 
system” is supplied jointly by Springwells and Water Works 
Park Stations. A fairly constant amount of this load is taken 
by Springwells with good load factor, while the other station 
takes the major portion of the load variations. The other pres- 
sure system designated as “high service” is a separate distri- 
bution system almost entirely residential in which the demand 
varies greatly throughout any one day. The minimum pump- 
age rate in early morning hours in this system is regularly as 
low as 20 mgd while maximum-demand rates have been re- 
corded as high as 190 mgd in early evening hours in summer 
when lawn sprinkling prevails. This results in a poor load 
factor for this system, as shown in Figs. 8 and 9. 

The daily pumpage by the low-lift plant is usually nearly 
equal to the total delivery from the high-lift plant, plus about 
four per cent used for washing filters. In the operation of this 


A.M. 


PM. 


Fie. 9 Loap CurvE 


(This is an average daily-load curve for the high service system for a warm 
summer month. The high peak load between 8:00 and 9:00 p.m. is due to 
the demand for lawn sprinkling.) 


Note: Test values for guaranteed loads were interpolated from test curves. 


plant, an attempt is made to keep the delivery at a constant 
rate to the filters throughout the 24 hours of any one day and 
variations in the bigh-lift plant delivery are cared for by the 
automatic delivery of filtered water to or withdrawal from 
the 40,000,000-gallon storage reservoirs. Constant delivery to the 
filters affords favorable conditions for coagulation and filtration 
and tends to reduce the cost of chemicals to a minimum, but on 
the other hand, reduces the amount of storage water in the res- 
ervoirs to a minimum when the distribution-system demand is 
at a maximum. 

The low-lift pumps draw from the supply tunnel and deliver 
raw water over the weirs at constant elevation. Variation in 
head depends on the rate at which the plant is operating. The 
suction level is drawn lower as the rate increases. At present 
output, the total dynamic head on the pumps averages 46 to 47 
ft and the average overall efficiency from operating records is 
about 76 per cent, which checks very closely with the compara- 
tive acceptance-test efficiencies. 

For the fiscal year ending June 30, 1936, the average plant 
capacity factor was 26.3 per cent with average load factor of 
75.8 per cent. 

In the 72-in. steel distribution mains there are installed in the 
station grounds in locations best suited for accurate flow meas- 
urement, six 73!/, X 33-in. venturi tubes. Mechanical-type 
flow meters connected to these venturi tubes are installed in the 
pumping plant in convenient locations. 

Pressure in the distribution systems is held within prescribed 
limits at selected points remote from the pumping plant. A 
long-distance pressure gage for each pressure system has been 
installed at a distance of four and one-half miles from the plant. 
A sending element at the distant point actuates receiving indi- 
cators and recorders at convenient locations in the plant. These 
gages are electrical and the sending and receiving elements are 
connected by telephone lines. 

From acceptance-test curves of low- and high-lift plant pump 
units there have been developed economy curves to assist the 
operators in selecting combinations of units to deliver water 
at the lowest possible cost. These curves Figs. 10 and 11, show 
that, for all units in both pumping plants, the lowest cost of de- 
livery through pressure ranges prescribed is always at the lowest 
head which will give satisfactory service. Best economy is 
secured at the lowest possible total head on pumps regardless 
of the fact that the efficiency may be much below the maximum 
that would be secured with the units operating at higher or rated 
heads. 

If care is exercised by operators in making proper selection of 
pump combinations for existing and predicted loads, it has been 
determined from economy curves that one million gallons of 
water can be delivered with power input to motors as follows: 


High-lift-intermediate system, kwhr 
High-lift high-service system, kwhr 
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Fie. 10 Economy Curves 


(Economy curves for two pumps rated at 50 mgd, 130 ft head. The two 

curves on the left show cost in kilowatthours per million gallons and effici- 

ency, both plotted against head. The curves on the right show the relation 
between cost and capacity.) 


The average overall operating efficiency of the high-service 
system determined from operating records for the fiscal year 
ending June 30, 1936, was 85.16 per cent. From acceptance 
tests the average efficiency for the heads developed during this 
period was approximately 84 per cent. 

In the case of the intermediate system, the average efficiency 
from operating records was 81.42 per cent, and from acceptance 
tests at heads developed during this omen approximately 82 per 
cent. 

The average high-lift plant capacity factor was 19.5 per cent 
with a load factor of 64.5 per cent. 


Power PLANT 


Station electric loads include power for main pumping units 
in high- and low-lift plants, filtration plant, all station auxilia- 
ries, and lighting. The maximum hour demand to the present 
is 10,350 kw. The average demand for the fiscal year ending 
June 30, 1936, was 4100 kw. During this period the turbo- 
generator-plant load factor was 69 per cent, capacity factor 24 
per cent, and power purchased from stand-by service was 3.21 
per cent of the gross output. Except for very short periods, 
loads were carried with one main 5000-kw unit and one 500-kw 
auxiliary unit in service. During maximum-hour pumpage in 
summer and high load on the heating system in winter two 500- 
kw units have been operated. Similarly in the boiler plant, 
only one of the two boiler units has been operated except infre- 
quently under special load conditions. The maximum hour 
load carried to the present by one boiler unit was 97,000 lb of 
steam per hr which represents a rating of 323 per cent. The 
average boiler load for the fiscal year ending June 30, 1936, was 
51,000 Ib per hr or 169 per cent of rating. 


BoILeRs 


The boiler units have been operated through varying periods 
up to a maximum run of three months. With only two units 
installed and with somewhat limited maintenance forces there 
is an unavoidable maintenance period required of sometimes 
one month which makes reserve boiler outage quite high. 

Fuels from western Pennsylvania and Harlan County, Ky., 
have been burned since the beginning of plant operation. A 
small portion of coal was run-of-mine but the major portion 
was 2-in. or 1!/,-in. nut and slack. Both of these fuels are low 
in sulphur and have heat values within limits of 13,800 and 14,600 
Btu per lb dry basis. Both may be designated as semicaking, 
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Fic. 11 Economy Curves 
(These curves show the relation between total dynamic ‘peg head and 
cost of power, in terms of kilowatthours per million gallons, for all of the 


main pumping units in the low-lift plant.) 


but the Kentucky coal possesses some free-burning characteris- 
tics and has ash content of less than five per cent and ash-fusion 
temperature only slightly above 2500 F. The Pittsburgh dis- 
trict coal has ash content of about 8 per cent and ash fusion 
never less than 2575 F. With continuous and careful observa- 
tion by operators both of these coals have been burned success- 
fully in these stokers. The Kentucky coal, although used only 
since November, 1936, appears to be better suited for the link- 
grate section of the stoker because of its slightly free-burning 
characteristics, but the low ash content, the low fusion tempera- 
ture, and the slagging in the underfeed section is already de- 
creasing boiler runs and increasing stoker-part replacements. 
The cost of stoker replacement parts from initial operation to 
the end of 1936, was 1.7 cents per ton of coal burned. 

The plant design calls for 350 lb gage 700 F steam at turbine 
throttle, but in operation the average steam temperature has 
been 670 F. The air heaters have such small apertures for the 
passage of gas that, even with superheated-steam soot blowing, 
some trouble has been experienced in prevention of filling the 
apertures with slightly caked soot or fly ash. To the present 
time no air or gas by-passes have been provided, and until such 
provision is made there remains the possibility of a forced shut- 
down of units because of this difficulty. 

The boiler feed make-up water, which amounts to approxi 
mately 1.5 per cent is evaporated before entering the condensate 
system, and all feedwater is deaerated in the main condensers 
The only other treatment used up to now has been sodium sul- 
phite which is introduced into the boiler feedwater at the outlet 
of the closed heaters for reduction of the last trace of dissolved 
oxygen. 

The internal surfaces of the boilers and the economizers are 
coated with “Apexior.”” The boilers have been in service for tw? 
years and careful inspection shows no trace of boiler scale and 
only very minor pitting has been detected at or near the wate? 
line of the drums and tubes. The treatment used usually r 
sults in a sulphate-carbonate ratio conforming with A.S.M.E- 
recommendations. 

The temperature of stack gases averages only slightly ove 


TABLE 6 AVERAGE OPERATING TEMPERATURES AT BOILER 
LOAD OF 60,000 LB OF STEAM PER HR (SUMMER CONDITIONS 


Temperature F 

Feedwater entering 262 
Poeodwater entering boiler... ... 320 
Steam at superheater 665 
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DE SCRIPTION 


Initial Cquipment - Initial Installation. Direct connected vertical shoft units) 
Installed | MGD.- GO Head py units. 750 HP Synchrenove motors. _| 


Low [434-MGD| 2- 30 - “350: SI ip Ri ing 
lier [2-72 100-200 H P. Squirrel Cage ind. motos American Weill Works. 
Pumpine 


Worthi ing fore Pump & M Corp 


(Capacity 50 = 


Proposed | Equi ipment - ‘Proposed Fin al Insfail’n rect connected vertical shaft units, 
Final Dasign co MGD.- Head. Ceantri fugal units. 750 HP hronovs” motors. 


150 
100-200 AP Squirrel Cage Ind aes 


[Equipment - initial Installation (Direct connected horizontal shaft units) 
4- 40 MGD. 2008 Head Centrifugal pomp units.!725 HP Synchronous motors. 


orthington Pump & M. Geol 


PLANT 
| Final 


Initial 30 1400 Slip ring | Ind motors 
Lier -17 + 130- Joo - = 
Pumeine Proposed Final Wirect connected horizontal shaft units 


490MG6D. 200 & Head Cantr pump onits | 


725 4P Synchronous motors 


Desi - 30 200 ° 1400 SI ip ring Ind. 

ign 

2-40 130- 1200 Slip ring Ind. | 


2- 5000 KW Main Turbo- Generators 


- Surface Condensers — 800 sq. Ft. 


Capacity 
16500 Air Preneaters. 4, 9890 ft. surface 


— 
Surface Condensars, 10,000-sa condense 000 
[3 500 KW Auxillfary Turbo Generators 


3-400 KW.and 3-50 KW Motor Ganeratfors 
5000 central station Transformer 24000/4600 Volt- 3 phase. 
Initial 1000 HP Boilers 3 drum-bent tube type 
Installed 2- Suparheaters. Gas touched -1720 sq ft Steam touched - 1400 sq.ft 
2- Economizers. Active surface -2,430 sq.ft. _ 


Underfed Stokers, motor driven sq. FF. 

- Forced Draft Fans. Cap. - 45 ,000 cfm @ 13.5" water, static pressure. 
Induced Draft Fans Cap - 75,000 c.im. 11.0" water, Stafic press. 
1- Coal ~Handling System. Cap.-75 fons per } hour. Link- 

I- Hydraulic Ash Handling System. Pump Cap - 1000 GPM 


[General Ciectric Co. 


|General Electric Co. 


| Worthington P Pump & M.Co. | 
[Westi E.& M.Co. 


Surface 10,3683q Ft [Combustion 


[Superheater_ Co. 


— [Babcock & Wi leon. 


[Air Preheater Co. 
Westinghouse E.& M. Corp’n 
_|Green Fuel Economizer Co. 


Allen-Sherman-Hoff 
Powee. 3- Boiler Feed Pumps. (2- motor & \-furbine driven.) Capacities: 300 pm [Pennsylvania & Comp. Co. 
Prant 45000 KW. Main Torbo- Generator units; Or 2-5000 KW & 2-7500 KW. 
4- Surface Condensers. — 
rop d| 4- 500 KW. Aux Turbo- Generators 
Final 4- Surface Condensers 
Capacity [3-400 KW. and 3-50 KW. Motor Generators. | 
27,000 


i= 5000 KW Cantral Station Transformer. 


1000 HP. Boiler units, complete with ‘Superheaters, Economizers, 


alr Prehaaters, Stokers, ‘Draft Fans & B. Feed Pumps. 


1- Coal Handling System. 


Hydraulic Ash Handling System 


200 F, which together with the fairly high values of carbon di- 
oxide in flue gas, results in satisfactory overall boiler-unit effi- 
ciencies. Results of carefully conducted acceptance tests 
throughout the range of loads from 30,000 to 90,000 Ib per hr, 
showed a maximum overall efficiency at 56,000 Ib per hr of 87.1 
per cent for the complete boiler unit. The average of monthly 
efficiencies, computed from the operators’ logs taken from com- 
mercial meters, checks within two per cent with the results of 
tests made using special and carefully calibrated instruments. 


Additional information in regard to temperatures is given in 
Table 6. 


TURBOGENERATORS 


The main 5000-kw turbogenerators operate continuously with 
two-stage bleeding for feedwater heating and evaporation of 
feedwater make-up. The auxiliary 500-kw turbogenerators are 
Operated continuously with one-stage extraction for station 
heating. Extraction in summer months is low, the maintain- 
ing of hot water for wash and shower rooms being the principal 
demand. Although all turbines normally operate extracting, 
acceptance tests in accord with contract terms were ——. 
with the units operating full-condensing. Because of this, 
is impossible to make direct comparison of actual operating re- 
sults and acceptance-test results. All units were opened and 
the rotors and stationary blading thoroughly cleaned with light 
fly-ash blast and were carefully checked for clearances and re- 
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conditioned before testing. The turbines when opened had 
been operated for periods varying from 4000 to 5000 hours and 
the rotors and stationary blading were partially covered with 
thin adherent deposits of iron oxide. The deposits were heavier 
and more adherent in the low-pressure stages. 

Acceptance tests, as for all other equipment, were conducted 
by Department of Water Supply engineers and witnessed by 
manufacturers’ representatives. The turbogenerator units were 
tested under conditions very nearly as prescribed in the contracts 
with the one exception that the temperature of the steam instead 
of being 700 F was 660 to 670 F. Test results with all correc- 
tions made to contract conditions gave steam rates at 5000 kw 
load and 0.8 power factor on main units of 10.03 and 9.96 lb 
per kwhr and rates at 500 kw for auxiliary units of 13.56 and 
13.85 lb per kwhr. 


OvERALL Station Economy 

The following economy figures are for the pumping and power 
plants for the calendar year 1936: 

The thermal efficiency of the pumping plant was 16.06 per 
cent. The fuel rate was 1.136 lb of dry coal per net generated 
kwhr. The average equivalent evaporation was 12.35 lb of 
steam per lb of dry coal from and at 212 F. The average plant 
water rate was 11.91 lb of steam per net kwhr. The electric 
power per whphr was 0.927 kwhr. The coal required to pump one 
million gallons 100 ft high for the Springwells Station was 479 lb. 
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. CONCLUSIONS 


Now that the department operates two stations involving 
generation of steam or power to operate pumps and purification 
plants, it would normally be expected that some comparison of 
operating results secured should be presented. It was, however, 
considered inadvisable to attempt such a comparison because 
of lack of detailed operating data for the Water Works Park 
Station. Just for a general comparison, it may be stated that 
the average cost of pumping water, exclusive of fixed charges, 
for the period from April 1, 1935, to December 31, 1936, was 
$6.62 per million gallons for Springwells and $8.13 for Water 
Works Park. During this period the division of load was ap- 
proximately, Springwells 45 per cent and Water Works Park 55 
per cent of total pumpage. The average costs of purification 
for the same period have been, Springwells $2.52 per million 
gallons and Water Works Park, $2.98. 

Since the Springwells Station has been in operation and even 
during the first summer while, due to the depression, city de- 
mand for water was still low, it was evident that the new station 
was not only a distinct advantage for normal loads but a real 
necessity for maintaining distribution-system pressures in all 
locations in the system during maximum-load conditions. 

Much credit is due the general manager, George H. Fenkell, 
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water commissioners, consultants, and other city officials 
during the period of planning and construction for their con- 
tinued and untiring efforts which finally produced an essential 
station as an auxiliary to the lone and old original Water Works 
Park Station. 
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Application of Tension-Impact Tests 


By G. F. JENKS,! WATERTOWN, MASS. 


Impact testing as normally performed with notch bars 
is objectionable because of large errors inherent in the 
method of test, and especially those due to errors in 
machining the notch. Notch tensile specimens are more 
satisfactory being less sensitive to errors of machining or 
to accidental variations in structure of the material. 

In studying tension-impact specimens it was found 
that materials required a constant energy to rupture 
independent of the velocity of loading provided certain 
critical velocities were not exceeded. This critical or 
“transition’’ velocity appears to be a fundamental prop- 
erty of a material. Its value varies with chemical com- 
positions and with both preliminary and final heat-treat- 
ment, and it also varies wi :-h the temperature of test. 

The study of ‘‘transition”’ velocity is a sensitive tool in 
research work, both in the development of processing 
methods and in physical metallurgy. The tension-impact 
test is a simple test to determine completeness of proc- 
essing, and affords the design engineer information both 
as to the safety of the material and its ability to with- 
stand impact loading. 


LTHOUGH impact testing had aroused sufficient interest 
A to result in a symposium by a national engineering group in 
1922,? it is little used today. The term receives no men- 
tion in the 1936 index of A.S.T.M. Standards of Metals. It is 
true that this method of testing is designated in some A.S.T.M. 
specifications, as for example, A63-36, which requires the use of 
1640 and 2240 Ib tups falling from heights up to 17'/; ft. The 
A.S.T.M. Tentative Standards, 1936, does prescribe ‘“Tentative 
Methods of Impact Testing of Metallic Materials,”’ E 23-34T and 
includes as an appendix an apology for the method. 

Impact tests are prescribed in other specifications and pro- 
ducers of materials publish many data on impact properties at 
normal and at low temperatures in advertisements of special proc- 
essing methods or special compositions. Such tests are also 
widely employed in research work on the properties of materials 
at low temperatures and to some extent in studying failures. 

The significance of the test, however, has been vaguely under- 
stood. The design engineer notes it in the selection of materials 
but makes no direct application of it in the calculation of stress 
distribution. He considers the ductility as measured by the 
static tension test to be a measure of the safety of his structure 
and carefully prescribes elongation and reduction of area in ad- 
dition to yield and tensile strengths. Impact strength he leaves 
to the metallurgical engineer as one of those elements included 


in the factor of safety or, as some express it, the “factor of ignor- 
ance.”’ 


‘ Colonel, Ordnance Department, U.S. Army, Watertown Arsenal. 
Mem. A.S.M.E. Commanding Watertown Arsenal since 1932. 

, Symposium on Impact Testing of Materials. Proceedings 
American Society for Testing Materials, vol. 22, part 2, 1922, p. 5. 

Contributed by the Iron and Steel Division for presentation at 
the Semi-Annual Meeting of THe AMERICAN Socrety oF MECHANICAL 
ENGINEERS, to be held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


313 


Two of the main reasons for these conditions are the form of 
the test specimen and the nature of the test. The sensitive por- 
tion of the specimen is the notch. Various forms such as key- 
hole and V notches are in use. Much has been written concern- 
ing the virtues and vices of various notches and methods of ma- 
chining them. Under stress concentration these notches are 
extremely sensitive to errors of machining or to differences and 
irregularities in their surface. In the notched-bar specimen the 
rupture originates in the notched surface. Stress concentration 
around tears and irregularities of surface will determine the origin 
of fracture and the time at which rupture starts. If fracture 
originates prematurely the energy required will be abnormally 
low. 

The volume of the notch, especially the V type, may be modi- 
fied considerably by errors in machining the radius of the fillet at 
the bottom of the notch, and also by tearing the surface of the 
fillet. The energy required to break the bar varies with the 
volume of the notch. 

Impact tests, as usually employed, are high-velocity bend tests. 
Stresses across the section under plastic flow are variable in inten- 
sity and are difficult to analyze. Most of the energy recorded is 
absorbed in plastic working of the metal. With a variable width 
of notch it is impracticable to predetermine the volume of metal 
which will receive plastic working. It varies with the yield 
strength and the yield ratio of the specimen. If a fracture origi- 
nates around an irregularity of machining or of structure, the re- 
sults are a measure of surface condition rather than of the ability 
of the metal to absorb energy under conditions of high velocity 
loading. 

It is not to be inferred that notched-bar impact tests are with- 
out significance and that they do not disclose useful properties of 
materials. Rather, it is concluded that the test is difficult to 
evaluate and that the errors of tests are inherently large. 

At Watertown Arsenal the transverse notched-bar impact tests 
were abandoned about ten years ago for the reasons just briefly 
discussed, and a notched tension-impact specimen was substi- 
tuted. The ordinary Charpy pendulum impact machine is used 
in the test. The notch is a truncated V with a flat 0.05 in. wide. 
No particular care is taken in machining the fillet between the 
bottom and the wall of the notch as the volume of the notch does 
not vary appreciably with errors in its dimensions. Recent in- 
vestigations discredit the truncated V notch in favor of a square 
notch. The specimen has been fairly satisfactory, however, in 
the development of methods of processing steel, in studying fail- 
ures of material, and in inspecting purchased materials. 

In its research work and in the development of welding tech- 
nique, the Arsenal has also employed long-notch tensile speci- 
mens. Normally the length of a long notch is the gage length of 
the static tension test specimens. In comparing the energy ab- 
sorbed in static and dynamic tests, abnormalities in the behavior 
of certain materials were observed. This led to investigations, 
the results of which have been published. From this work two 
fundamental properties of metals were disclosed: 

(1) Provided certain critical velocities are not exceeded in 
tension-impact testing, the energy required to rupture a specimen 


3 ‘The Relation Between the Tension Static and Dynamic Tests,” 
by H. C. Mann. Proceedings of the American Society for Testing 
Materials, vol. 35, part 2, 1935, p. 323. Also: “High Velocity 
Tension Impact Tests,” by H. C. Mann, Ibid., vol. 36, part 2, 
1936, p. 85. 
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of given section and length is independent of the velocity of ap- 
plication of load. The energy required to rupture a specimen in 
tension impact may be calculated from the curve obtained from 
the results of the static tension test in which the ordinate is the 
load multiplied by the ratio of the original to the reduced sec- 
tional area, and the abscissa is the total elongation. 

(2) Beyond certain critical velocities this relationship no 
longer holds. This “transition velocity” varies with chemical 
composition and structure and appears to be a fundamental 
property of metals. 

A third fundamental property of tension-impact specimens 
will be discussed by H. C. Mann in a paper to be presented at the 
annual meeting of the American Society for Testing Materials. 


TABLE 1 EFFECT OF UPON IMPACT PROP- 


Reduc- 
Notch Veloc- er unit Elonga- tion of 
length, city, Total, volume, tion, area, 
in. fps ft-lb ft-lb percent per cent 
0 23.0 18,400 
28.5 28.0 22,400 
ee 0 19.5 7,800 17.0 21.0 
10 16.8 6,720 17.5 23.3 
20 19.7 7,880 16.0 18.4 
28.5 23.7 9,480 18.0 22.0 
_ 19.5 3,900 19.0 23.0 
10 19.5 3,900 19.0 24.0 
20 23.0 4,600 18.0 23.4 
28.5 19.5 3,900 19.0 24.0 
0 28.0 2,800 39.0 40.0 
10 32.0 3,200 38.0 37.2 
20 29.0 2,900 40.0 42.4 
28.5 28.0 2,800 38.5 41.0 
0 58.0 2,900 39.0 53.6 
10 57.5 2,875 41.5 53.6 
20 58.5 2,925 38.3 54.8 
28.5 59.8 2,990 39.0 54.6 
0 115.0 2,875 33.5 57.4 
10 115.0 2,875 32.8 57.4 
20 108.0 2,700 34.5 57.4 
28.5 117.0 2,925 33.0 57.4 
0 142.0 2,840 33.0 57.8 
10 140.0 2,800 33.0 57.8 
20 145.5 2,910 35.0 57.8 
28.5 140.0 2,800 33.0 57.8 


In these concepts of impact testing, the velocity factor is em- 
phasized. This is as it should be. This “transition velocity” 
is a fundamental property of metals as much as yield strength, 
tensile strength, and ductility. The impact strength in foot- 
pounds is a derived value which can be calculated from other 
primary values. Only when the transition velocity is exceeded 
does the impact strength become of interest to the metallurgist 
or the design engineer. Unfortunately, impact-testing machines 
available in the past have been operated at fixed speeds of 11-17 
fps and the form of test specimens has emphasized stress con- 
centration rather than rate of application of load. 

Within certain limits the energy absorbed by a given specimen 
is independent of velocity; it follows that the impact value is 
independent of the type of machine employed. This is shown by 
experimental data in which energy values calculated from tests 
made on static machines are duplicated in machines of both the 
pendulum type and of the rotary type. The relationship holds 
for short and long notches. 

As a corollary of constant energy, it should follow that the 
ductility of material is independent of the velocity of test. This 
accords with experimental data. 

Table 1 illustrates these conclusions. The material used was 
a l-in. rolled bar of 1035 steel (K-20) received in the annealed 
condition,‘ and renormalized at 1650 F after holding 3 hr. The 
data were obtained on a pendulum-type machine, except that the 


4 For a history of this material see ‘‘Report on Low Temperature 
Impact Tests,’’ Proceedings American Society for Testing Ma- 
terials, vol. 36, part 1, 1936, p. 132. Heat-treatment of the material 
as received is referred to on first page of report. 


values for zero velocity are computed from the results of the 
static-tension testing machine. The diameter of notch of the 
specimen was 0.252 in. The transition velocity of this material 
in the normalized condition is in excess of 28.5 fps. 

The properties of metals for velocities of application of loading 
greater than the transition velocity is not within the scope of this 
study. It is sufficient to state that the work required to rupture 
falls off rapidly for velocities beyond the critical one. 

Experimental data indicate that for notches from 0.2 in. long 
to the gage length of standard tensile specimens, the transition 
velocity is independent of the notch length. 
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The transition velocity varies with composition of the metal as 
shown in Fig. 1. 

The transition velocity varies with heat-treatment. Fig. 2 
shows values for some materials in the annealed condition, wheres 
in Fig. 1 the values are given for the quenched and drawn condi- 
tion. A comparison of Figs. 1 and 2 indicates the change in this 
transition velocity with structure. The tests were made on m- 
terial from the same bar of the compositions given. Heat-treat- 
ment was the only variable. 

Table 2 shows the change in transition velocity for a bar of 
1035 steel (K-20) air-cooled from 1700 F (held 3 hr), water- 
quenched from 1550 F (held 1 hr), and furnace-cooled from the 
temperature specified after holding 3 hr. 
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Fig. 3 shows variations in transition velocity as a function of 
draw temperature. 

Some materials are subject to temper brittleness. In the 
brittle condition these materials apparently possess transition 
velocities below those ordinarily used in impact testing, and im- 


TABLE 2 EFFECT OF TEMPERING UPON IMPACT PROPERTIES 
(Length of notch 1.00 in.; diameter 0.252 in.) 


Total 
energy, 
t- 


Reduction 
Elongation, of area, 
per cent per cent 
2.0 58.4 


Velocity, 
perature, F fps 


to 
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paired impact properties are disclosed by ordinary tests. A 
study of critical velocities of loading presents a different angle to 
the problem of brittleness, as indicated in Table 3. The data 
were obtained from a bar of chrome-nickel steel (WD 3435) oil- 


quenched from 1450 F (held 2 hr). One group of specimens was 


then oil-quenched from 1160 F (held 2 hr) and the other group 
furnace-cooled after holding 2 hr at the same draw temperature. 
For zero 


The diameter of specimen at the notch was 0.357 in. 
velocity the energy was calculated from the static tests. 


TABLE 3 IMPACT PROPERTIES OF MATERIALS SUBJECT TO 


TEMPER BRITTLENESS 


Impact Oil-quenched Furnace-cooled 
velocity, total energy, total energy, 
Length notch, in. fps ft-lb ft-lb 
10 72.6 62.6 
20 65.5 60.5 
28.5 65.3 58.8 
14 (Standard gage length)... 0 432.0 416.0 
10 372.0 
15 430.0 
20 395.0 336.0 
25 345.0 
28.5 289.0 320.0 


For the material quenched from the draw, the transition ve- 
locity is near the velocity of standard impact machines, whereas 
for the furnace-cooled bars the transition velocity was well below 
that velocity. The difference in transition velocities is not great 
but of such nature that the ordinary impact test brought it out. 
If the transition velocity rather than the impact strength be con- 
sidered, the use of this material however heat-treated must be 
questioned for some applications. In such cases of low transi- 
tion velocities, the impact strength as measured in foot-pounds is 
no indication of the safety of a structure subject to impact load- 
ing. 

The impact strength of cast steels is sensitive to diffusion heat- 
treatments as illustrated in the case history of a casting of the 
following chemical composition: Carbon 0.38, manganese 0.53, 
silicon 0.20, sulphur 0.022, phosphorus 0.018, molybdenum 0.30, 
vanadium 0.09 per cent. The original heat-treatment was: 
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held 8 hr at 960 C, air-cooled; held 6 hr at 850 C, furnace-cooled; 
held 4 hr at 860 C, water-quenched; held 6 hr at 700 C, furnace- 
cooled. After this treatment the impact strength, measured 
upon a truncated V notch in tensile impact, was 7.5 ft-lb. After 
a complete reheat-treatment identical with the first, the impact 
strength was not sensibly changed (8.8 ft-lb). After a diffusion 
treatment in which the material was held 25 hr at 1150 C (air- 
cooled) and then retreated through approximately the same cycle 
as before, the impact strength was raised to 30.5 ft-lb. In this 
case the ductility varied in much the same proportion. The 
transition velocity was not determined, but from a comparative 
study of this and other castings of similar composition and treat- 
ment, it is apparent that the transition velocity of the material 
as originally treated was well below 15 fps, whereas after high- 
temperature treatment the critical velocity is well above that 
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figure. It is believed that further investigation will show that 
the transition velocity is extremely sensitive to the diffusion 
treatment of steel. 

Warner® reports that for one composition of steel plates for 
welding a stress-relieving treatment (600 C) raised the transition 
velocity from 30 to over 150 fps without appreciable change in 
energy recorded by the test. For another composition, the 
stress-relieving treatment increased the energy to rupture by 
about 15 per cent, whereas the transition velocity was increased 
from 37 to 100 fps. 

It has long been known that the impact strength of materials 
was affected by low temperatures. In the reference in footnote 
4 of this paper results are disclosed on a 1035-steel (K-20) in- 
cluding tension-impact results (see Fig. 6 of that reference). As 
these results did not include a satisfactory correlation between 
tension-impact and V-notch and keyhole-notch transverse tests, 
a more complete investigation of the material was made. The 
material used was the same lot of K-20 steel, except that it was 
heated to 1650 F, held 3 hr, and air-cooled. The departure from 
the original treatment was accidental. All results at low tem- 
peratures were determined while the specimen was held in a bath 
at prescribed temperature. 


5 “Are Welding of Structural Alloy Steels,’’ by W. L. Warner, 
Trans. A.S.M.E., vol. 58, no. 7, 1936, p. 515. 
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The properties of this material as measured by static tension The results of impact tests are tabulated in Table 4. The re- 
tests are plotted in Fig. 4 for a 0.252-in. specimen (1 in. gage _ sults of tests are shown graphically in Fig. 6. 


length). If the energy absorbed is reduced to energy per unit volume of | 
In Fig. 5 are shown in full line the load-elongation curves for i 
TABLE 4 LOW-TEMPERATURE IMPACT TESTS i 
= + + = Per unit, 
+ Temp. Vel. Elon. Red. Total vol. 
a Static 23.2 54.5 80.0 1600 
28.5 22.5 54.0 80.0 1600 
Static «21.8 55.2 85.2 1704 
Stress 28.5 21.8 55.2 86.7 1734 
tT 28 22.5 54.0 95.0 1900 
an t 15.0 21.5 51.9 100.0 2000 § 
, on 8.5 18.6 52.4 70.0 1400 
20.0 19.6 51.4 87.0 1740 
t 15.0 22.0 52.4 100.0 2000 
10.0 23.5 52.0 108.4 2170 
\ 
ac +70.......... Static 19.0 28.0 22.6 4520 
28.5 17.0 25.4 22.7 4540 
Baer 19.0 23.0 25.0 5000 
an —80.......... Static 20.0 22.6 28.0 5600 
28.5 13.0 11.0 24.8 4960 
—110.......... Static 22.0 25.4 30.0 6000 
| ete d | 28.5 6.0 3.4 17.0 3400 
20.0 10.0 11.0 21.4 4280 
28 5 23 0 14370 } 
SAE —80.......... 28.5 11.4 7130 
ab 6b. Dt —110 28 5 10.3 73400 
Lit | pij 4 15.0 = 0 
Ba | : 10.0 0 t 


Fie. 4 the notch, the results (see Fig. 7) are of great interest; they illus- 


trate the effect of stress concentration upon the transition ve- 
specimens with two lengths of notches and at the extreme tem- —_Jocity. This is shown directly in Fig. 8. In Fig. 9 the results of 
peratures used. In the upper curves for each temperature the the tension-impact tests are compared with those referred to in 
ordinate is the load multiplied by the ratio of the original section footnote 4 of this paper. It is to be noted that the very short 


Fig. 5 Fig. 6 
to the reduced section. The energy for zero velocity is calculated notched-tension specimen possesses a sensitivity similar to that Th 
from this curve. The true breaking stress of Fig. 4 is proportional of the V notch. Experimental work is being conducted on cal 
to the maximum ordinate of this curve. even shorter notch. The advantage of the tension specimen lies | 
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in furnishing information by which an optimum impact-energy 
curve can be constructed and by which the effect of velocity of 
loading can be analyzed. Such information should furnish a 
clue to the physical metallurgist in the study of the structure of 
metals as affected by temperature. The concept of critical ve- 
locities of loading should clarify some of the impact phenomena 
which have been a source of difficulty to design engineers and 
metallurgists. It offers an extremely sensitive method of test to 
judge the effect of changes in processing and composition of metals 
used under extreme conditions. 

In tension-impact testing the energy values are sensitive to 
nonhomogeneities of the test specimen and especially to those 
located near the surface. By examination of the fracture it can 
be determined whether abnormal values are due to unusual de- 
fects such as errors in machining, internal cracks, slag, non- 
metallic particles or other defects of a local nature, or to improper 
or insufficient heat-treatment. Abnormal values of a discon- 
tinuous nature not representative of the material may be recog- 
nized and discarded. Results of tests are not highly sensitive to 
errors or irregularities inmachining. By carefulexamination of the 
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fracture, rather reliable opinions as to irregularities and incom- 
pleteness of processing can be formed. The fracture of the trans- 
verse (notched-bar) specimen is more difficult to interpret and 
Yields less information as to the quality of the metal. The qual- 
ity of the machined surface of the notch is overemphasized. 
The errors of testing are of smaller magnitude in the tension speci- 
men. In the tables included in this paper, all tests made in the 
series are recorded. Of course abnormally low results are ob- 


tained. The cause is generally apparent in the study of the 
fractured surface. 


CoNCLUSIONS 
Impact strength of materials, within certain limits of velocity 
application of loading, is a derived value. 


he transition velocity is a fundamental property of metals. 

The ability of metals to absorb energy is limited beyond a criti- 
cal velocity of application of stress. 

Tension-impact tests permit the separation of this fundamental 
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property from the record of impact strengths and the deter- 
mination of the optimum values. 

In research, the tension-impact test is capable of extreme 
sensitivity to structural changes in metals. 


New problems are presented to the physical metallurgist 
to explain why metals are sensitive to the velocity of loading. 


A new method is offered to study physical phenomena and tech- 
nological processing. 
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The introduction of the concept of transition velocity into 


impact testing gives the design engineer another factor to con- 
sider in the selection of materials. Materials of given physical 
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properties as expressed in strength and ductility, are not inter- 
changeable as to use. If the velocity of application of loading is 
a factor, the transition velocity of the material becomes one of 
the most important elements in the selection of chemical com- 
position of the material and its heat-treatment. 

If the tension-impact test is to be used as an inspection tool to 
determine the completeness of processing, the velocity of test 
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should be just under the transition velocity inherent in well- 
processed metal of the composition and structure specified. 
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Maintenance of High-Speed Diesel Engines 
on the Canadian National Railways 


This paper sketches the application of Diesel-electric 
equipment to rail traction on the Canadian National Rail- 
ways, and deals particularly with experiences in the main- 
tenance of high-speed Diesel engines since 1925. The 
circumstances surrounding the early application of this 
type of motive power are briefly explained. Problems of 
repair by steam-locomotive maintenance organizations are 
outlined. The important records pertaining to perform- 
ance and measurements of wear occurring on various 
parts of Diesel engines are described. Typical examples of 
records developed in handling pistons, cylinders, and 
crankshafts, which were employed in arriving at a syste- 
matic handling of these parts, are illustrated. This is 
followed by an explanation of curves covering the average 
rate of wear found on different groups of engines taken 
from records extending over many years. Brief reference 
is made to maintenance methods developed in steam-loco- 
motive service and advantageously extended to Diesel re- 
pairs. These include illustrations on electric and acety- 
lene welding, together with some experiences with hard 
chromium plating, employed to extend the life of active 
engine parts. The paper is concluded with an explanation 
of the trends of various factors which make up the cost per 
car-mile of Diesel-engine operation, and relate particularly 
to engines which have seen considerable service. 


HE purpose of this paper is to present the results of ex- 
perience gained in the maintenance of high-speed Diesel 
engines on the Canadian National Railways. Some 12 
years ago the necessity of handling economically traffic of small 
proportions was recognized, and therefore careful studies were 
made of existing types of motive power from which it was decided 
that the self-propelled car using an internal-combustion en- 
gine was most suitable for the intended service. The lightweight 
high-speed Diesel engine, because of its compact size and rela- 
tively high thermal efficiency, was chosen for the power plant. 
In the beginning, the object was not to provide a de luxe 
service beyond that offered by steam trains, but rather to sub- 
stitute Diesel-electric rail cars on runs then operated at little 


1 Special Engineer, Operation Department, Motive Power and 
Car Equipment Sections, Canadian National Railways. Mr. 
Sylvester was educated at Vancouver, B. C. He served a five-year 
apprentice course, which included technical training, with the Cana- 
dian National Railways and then spent two years in the mechanical- 
engineering department, testing locomotives and appliances with the 

ynamometer car. His first experience with railway Diesel equipment 
wasin 1925 when the original Beardmore engines were installed and 
4 record-breaking run was made from Montreal to Vancouver. Since 
then his work has been directly associated with Diesel-equipment 
Construction and maintenance. He was transferred to Montreal in 
his present capacity in 1931. 

Contributed by the Railroad Division for presentation at the Semi- 
Annual Meeting of Tae AMERICAN SocteTy oF MECHANICAL ENGI- 
NEERS, to be held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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or no profit, and on lines having relatively light traffic. In the 
light of recent developments on other railroads of high-speed 
Diesel-powered trains with streamlining, air conditioning, and 
luxurious appointments, the original venture of the Canadian 
National appears rather modest. 

The choice of lightweight high-speed Diesel engines for rail 
service was extremely limited in those days, although it has 
expanded tremendously during the intervening years. Today 
we are operating rail cars and locomotives ranging from 200 to 
1330 bhp. However, this particular paper will deal only with 
the maintenance of three principal groups of rail-car engines of 
from 200 to 350 hp, comprising 26 units which have run over 
ten million miles in passenger service. These engines were 
placed in service in 1925, 1927, and 1930, and even though they 
include improvements evolved over a five-year period, their 
maintenance problems are almost identical. 

Soon after the commencement of Diesel-electric rail-car ser- 
vice, it was recognized that the oil-electric car offered great 
possibilities for economical operation and high availability, pro- 
vided a satisfactory program for maintenance could be worked 
out. The lack of experience and knowledge on the part of those 
called upon to handle the engines, and of the designer and 
builder, regarding operating conditions, was a serious handicap in 
the early days. The seniority system, commonly followed in 
railway organizations, sometimes mitigated against the selection 
of the most capable men. Also the locomotive-shop staff had 
not previously been called upon to perform the type of work re- 
quired in maintaining the fine working clearances of the wearing 
parts. However, these conditions have been quite general on 
railroads on this continent and are mentioned here only be- 
cause they had such an influence on the amount and type 
of maintenance required. 

The most desirable condition is found in large numbers of 
identical equipment, centrally located, as expert supervision 
can be provided and the staff soon becomes accustomed to the 
new routine. The other extreme is found in rail-car service 
where the units are operated over an extremely wide territory, 
which interferes with efficient training and seriously affects 
availability of the equipment due to deadheading to and from a 
centrally located repair point. This latter condition applies 
particularly on the Canadian National Railways, and the main- 
tenance methods which follow were developed to cope with this 
situation. All these problems have demanded as much atten- 
tion as the technical difficulties—possibly more. 

A general arrangement showing sections through the types 
of engines to which this paper applies in particular is shown in 
Fig. 1. They are four-cycle, direct-injection engines of both 
British and American manufacture, the original research work 
having been carried out by the Wm. Beardmore Company at 
Glasgow prior to 1924 and the later development by the West- 
inghouse Company at their South Philadelphia plant. The 
crankeases of these engines are of cellular type, arranged for 
separate cylinder liners and made of cast steel. The crank- 
shafts are supported in main bearings between each cylinder. 
Collar studs hold the individual cylinder heads and liners to the 
crankcase, the main bearings being attached to the crankcase 
in a similar manner. The crankshafts are of carbon, nickel, 
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and chrome-nickel steel forgings machined all over and drilled 
for pressure lubrication from the main journals to the crankpins. 
Cast-aluminum cylinder heads with steel valve seats to accom- 
modate dual inlet and exhaust valves are also used on all these 
engines. Each head carries its rocker-arm mechanism and a 
single atomizer which is located at the center of the head where 
it is easily removed. Aluminum pistons, hollow floating wrist 
pins, and forged-steel connecting rods are also features of these 
engines. The development of crank end bearings for the con- 
necting rods has been of considerable interest and will be dealt 
with later. 

The cast-steel crankcase and underbed of thin section, to- 
gether with rather extensive use of aluminum for such parts as 
pistons, cylinder heads, and gear cases have resulted in weights 
between 16 and 24.2 lb per bhp for these engines, which is in the 
lightweight class for rail service. The essential particulars of 
these units, which were the subject upon which maintenance in- 
vestigations were carried out between 1925 and the present 
time, are given in Tablel. These include two columns of figures 


TABLE 1 PRINCIPAL PROPORTIONS OF THE DIESEL ENGINES 
Minimum Maximum 
Brake mean effective pressure, |b per sqin........ 77 82.5 
Maximum cylinder pressure, Ib 750 
Diameter of main bearing, in.................... 5.00 5.00 
4.75 5.00 
Effective length of crankpins, in................. 2.29 4.04 
Ratio of shaft diameter to cylinder bore.......... 0.555 0.575 
Ratio of wrist-pin diameter to cylinder bore...... 0.315 0.322 
Ratio of piston length to cylinder bore........... 1.4 1.9 
Ratio of connecting-rod length to cylinder bore... 2.43 2.21 
Total weight of connecting rod, lb............... 37.94 70.19 
Weight of crank end of connecting rod, lb........ 26.38 54.09 
Weight of wrist-pin end of connecting rod, |b..... 11.56 16.11 
1 3 


showing the maximum and minimum sizes, weights, and condi- 
tions. The tabulation of the extremes in Table 1 indicates the 
design limits of the principal rotating and reciprocating parts 
around which most of the maintenance problems have centered. 

The first feature of our maintenance consists of daily reports 
made out to show the fuel, lubricating oil, and other supplies 
used, mileage operated and load hauled, together with any 
trouble experienced during operation, and finally the repairs and 


inspection which are made daily. These data are compiled 
monthly to show the average condition obtaining for each car and, 
as all the equipment is included in this report, it permits the in- 
dividual maintainer to compare his performance with that of 
others. This report also shows any troubles which occur with 
such frequency as to warrant investigation, thus keeping prob- 
lems in order of their importance before the supervising staff. An 
analysis of these records over extended periods of operation also 
indicates any inherent weakness which can be remedied in new 
designs. 

In a general way the practices developed are a combination 
of railway maintenance ideas and those used in the repair of 
gasoline engines. Many of the methods employed are quite in 
line with those generally accepted in fleet operation of trucks 
and busses. In fact, much inspiration has been drawn from this 
source when grappling with the more difficult problems. In 
these installations engine size and weight have been kept to 8 
minimum with the result that provision for successive wear and 
remachining is not generally made to the same extent as in steam- 
locomotive work. One principal difference lies in the rather ex- 
tensive use of welding and, of late, chromium plating as a means 
for reconditioning wearing parts. Fusion welding, as developed 
in steam-locomotive service, is now being used extensively 0 
Diesel-engine repairs and much progress has been made in recent 
years in the use of the electric arc and acetylene flame for the 
building up of worn parts as well as repairing fractures. Good 
results were not obtained in this new application without over 
coming several technical difficulties because the original develop 
ment on the railway had to do with structural-steel plates an/ 
boiler work in which the metal was quite readily welded. Ho¥- 
ever, in the repair end, large varieties of special metals had to b 
dealt with and in many instances heat-treatment to regail 
physical properties of the finished part became a problem. 

Considerable ingenuity has been required to develop success! 
welds on such parts as pistons, cylinder liners, and valve ge" 
The service engineers of companies which supply welding ™ 
terials have been of great assistance in the development of sult 
able welding rods for this work and in providing instructions {0 
their satisfactory use. This process is now responsible for 
duction in our maintenance costs and some descriptions of 
usual repairs by this method are given under various headit# 
which follow. 
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RAILROADS 


Within the last year or so we have been investigating the 
merits of hard chromium plating in an effort to lower the rate 
of wear on certain parts and also as a means of regaining the 
original size where possible. Worn surfaces on pins and journals 
of erankshafts, wrist pins, cylinders, and various other small 
parts have been built up with chromium and satisfactorily 
salvaged. This type of plating must not be confused with the 
decorative plating which is used more or less in the form of 
a lacquer to preserve the copper-nickel plating underneath, as it 
is applied directly to the base metal. We are using thicknesses 
varying from 0.003 to 0.015 in., depending on service conditions. 
Excessively thick .plates are not found desirable and, for that 
reason, the original sizes are not always regained. Ordinarily, 
although sufficiently tough and adherent for bearing conditions, 
this plate will not endure excessively high unit pressures or shock. 
For example, in a Brinell test, the high-pressure load of the ball 
in making the impression will crack the plate and the reading 
will be practically in line with the base metal underneath. We 
have taken readings on plated parts with the Firth diamond 
tester which makes a small impression in the plate and is not 
affected by the hardness of the base metal. When these readings 
are converted into the Brinell scale they range from 650 to 900, 
which is considerably harder than any bearing surface usually 
encountered. 

Our work so far has been limited to steel parts and some fine 
examples of hard, smooth surfaces with the plate varying only 
around one-half thousandth have resulted. The shape and 
placing of the anodes have a very marked influence on the regu- 


CANADIAN NATIONAL RAILWAYS 
OIL ELECTRIC CARS 
RECORD OF PISTONS AND LINERS 
LINERS PISTONS 
i 2 3 i 2 3 E 
8.260 | 6.261 | 6.08) | 6.261 | 6.215 | 6.016] 6.216] 6.417 | 
1} 6.251 [6.254] 6.25) | 6.254] 6.221 | 6.220] 6.206 | 6.225 2050 
C 16.254 | 8.250 | 6.247 | 6.280 | | 6.205 | 6.050 | 
A [6.256 | 6.2568] 6.255 | 6.256] 6.215 | 6.cle| 6.210 | 6.216 +045 
2) 576.2 2253 | 6.254 | 6.256 | 6.219 | 6.220 | 8.225 | 6.222 029 2036 
C 18.253 | 8.251 | 6.252 | 6.254] 6.232 | 8.235 | 6.238 | 6.208 
A] 6.284] 8. 8.262 | 8.262] 6.215 | 6.212 | 8.219] 6.214 2063 2069 
3| BY 6.256 | 6.250 | 6.250 | 6.257] 6.221 | 6.225] 6.225 
CJ 6.255 | 6.250 | 6.051 | 6.255] 6.25) | 6.255] 6.241 | 6.255 | 
A] 8.275 | 6.2 6.268 | 8.275 | 6.209 | 6.214 | 6.217 | 8.2) 205) 2066 
8.257 | 6.257 | 6.252 | 6.253 | 6.219 | 6.204 | 6.226 | 6.200 | 
C 8.254 | 6.254 | 6.246 | 6.250 | 6.250 | 8.040 | 2008 
A] 8.270 | 6.272] 6.271 | 8.2691 6.215 [6.218 | 6.217 | 6.21 2054 2055 
5| 8.254 [8.254] | &.255 | 6.200 | 8.225 | 8.226 | 6.20 3026 
C 18.253 | 6.253 | 6.247 | 6.250 | 6.255 | 6.255 | | 2010 
A] 8.271 | 6.269] 6.269 | 6.268] 6.216 | 6.216 | 6.219 | 6.216 | .050 
BI 6.253] 6.250 | 6.256 | 6.222 | 6.025 | | .050 
C 8.250 [6.250 | 6.250 | 6.254] 6 6.235 | 6.236 | 6.252 | 
7/8 
A 
REMARKS 
Ring grooves badly worn 
on all pistons, espec- 
ielly on exhaust side. 
Lend broken between #1, 
#2 and #3 ring grocves 
on #1 piston. 
RECORDED AT:~ Edmonton 
RECORDED BY: I.1.S. 
CANADIAN NATIONAL RAILWAYS 
Lum OFFICE UF CHIEF ELECT, ENGR. 
MONTREAL, CUB., DEC. 30, 1930 
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larity of the plate, and, when these conditions are well under- 
stood, it is possible to return the part to service without machine 
work. It is desirable, however, to grind and polish the finished 
Piece to insure regularity of the bearing surface. When this 

ishing is carefully carried out, a hard, low-friction, wear-re- 
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sisting surface is produced and the service to date indicates that 
long life can be expected from these parts. The mechanics who 
are handling these plated parts are very much impressed with a 
journal which can be rubbed with a file without destroying its 
finish. In the plating, the condition of the surface of the base 
metal is reproduced in the finest detail and it is, therefore, nec- 
essary that the part be very carefully and accurately ground 


Fig. 3 Location or Maximum WEAR ON A CYLINDER LINER 
(Illustration is exaggerated to show details of worn portion.) 


and polished before plating. This results in a minimum of work 
in preparing the plated part for service afterward. Consider- 
able care has been found necessary in grinding the plate, particu- 
larly in regard to the type of stone. Strangely enough, hard 
stones are not as effective as soft stones. The former glaze over 
and tend to heat the plate, which affects the adhesion adversely. 
The soft stones, which break more readily and provide new 
cutting edges, are most suitable, and it is also essential that a 
very light cut be taken and the work flooded with coolant during 
the process. The time necessary to remove the excessive plate 
is such as to warrant great care in preparing the parts and in 
bringing them up to a diameter only slightly in excess of the 
required size. This, of course, requires a complete knowledge 
of the rate at which the plate is being deposited, so the thickness 
can be judged on a time basis. 


CYLINDERS 


The cylinders in these engines are in the form of relatively 
thin tubing, accurately machined all over, and are snugly fitted 
in the crankcase. They are of the wet type, being surrounded 
by cooling water, and the joint at the bottom is made by means 
of rubber rings. This construction, which is now generally 
accepted for this type of engine, is well suited to maintenance 
because of the ease with which the cylinder can be removed for 
repairs or replacement. 

Our lack of information regarding the rate of wear on cylinders 
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and pistons of rail-car engines, some ten years ago, resulted in 
the introduction of a system of recording the sizes whenever 
these parts were dismantled. A copy of the form which has 
been used for recording this information is shown in Fig. 2. At 
first it was felt that these records would give us an indication 
of the direction of wear around the circumference of the cylinder 
and possibly lead to correction of it. However, there was found 
to be no regularity in this regard, some 60 per cent showing 
maximum wear at right angles to the crankshaft and the re- 
mainder lengthwise or at some intermediate angle. We have 
been unable, even by painstaking study of a great number of 
measurements, to associate this feature with any other detail 
of engine construction or performance. The principal value of 
this form has been in the determination of average rate of wear 
on cylinders of different groups of engines, thereby providing a 
basis for the maintenance program. The comparison of wear 
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resulting from the use of different fuels and of different cylinder 
materials has also been gained from these records, and they have 
also shown the accuracy with which replacement cylinders are 
installed. 

A typical example of the location of maximum wear is shown 
in Fig. 3. This picture is exaggerated to show the details of the 
worn portion. Although the wear is always greatest at top dead 
center, it is rather unusual for it to be almost entirely confined to 
such a short distance from top-ring travel. The wear at mid- 
stroke is always negligible and is only perceptible at bottom 
dead center on these engines. 

What can be accomplished in reconditioning cylinders for 
further operation is, in the main, controlled by the number of 
engines involved. Several factors, however, must be given 
careful consideration, and too much emphasis cannot be placed 
on the value of accurate measurements of the wear occurring on 
both the pistons and cylinders. The analysis of these data per- 
mits important decisions to be made, such as: Whether re- 
conditioning will be necessary and economical on both of these 
parts or if this attention can be confined principally to the 
cylinders. Where piston wear is relatively low, it is most eco- 
nomical to regain the original cylinder size by applying a bushing 
to existing cylinders as in locomotive service, thus avoiding 
any necessity for work on the pistons or supplying off-size rings. 

Fig. 4, which was drawn from an inspection of a large number 
of forms such as shown in Fig. 2, shows the average rate of wear 
on the three groups of engines which we have in passenger ser- 
vice. An analysis of cylinder wear on individual engines pro- 
duces a curve showing a gradual increase in wear up to 45,000 to 
55,000 miles and then the wear is accelerated considerably. The 
shape of the top curve is more in line with the usual individual 
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TABLE 2 


SIZES AND LETTER DESIGNATIONS FOR PISTONS 
AND CYLINDERS 


Symbol Size Symboi Size 
A 0.075 in. oversize E 0.025 in. undersize 
B 0.050 in. oversize F 0.050 in. undersize 
sj 0.025 in. oversize G 0.075 in. undersize 


engine investigations. However, in plotting several hundred 
measurements, it is impossible to establish anything but a 
straight line as being the average rate of wear which can be ex- 
pected. These curves are all the result of wear at top dead 
center on mild-steel cylinders which are fitted with aluminum 
pistons. 

There are over 150 cylinders of similar type and size in ser- 
vice, which has permitted the establishment of sizes both above 
and below those which were set up by the manufacturers. It 
has been found that '/,.5 in. wear on diameter can be economically 
tolerated, giving due consideration to the increase in lubricating- 
oil consumption which results from wear on this part. In re- 
conditioning, however, steps of 0.025 in. are desirable and ec- 
onomical in the reclaiming methods described later. It requires 
about 0.075 in. oversize to clean up properly a cylinder worn '/\. 
in. because of the wear being quite eccentric, or otherwise ir- 
regular, relative to the center line of 
the cylinder. In establishing these 
sizes it has been necessary, of course, 
to consider them in relation to simi- 
lar steps on the pistons and the stock- 
ing of seven sizes of piston rings to 
suit. In the beginning, existing cyl- 
inders were bored out and oversize 
pistons applied. Later, as a result 
of an accumulation of worn standard- 
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Fic. 5 Worn Portion or Fic. 6 CyY.Linper-LINeER CHROMIUM 

CYLINDER REPAIRED BY PLATING ON THE WorRN WHICH 

ELectric-Arc Extenps Asovut 4 In. Down 
WELDING THE Top-RinG TRAVEL 


size pistons, undersizes down to 0.075 in. below standard were 
established. The symbols for size identification, which ar 
stamped on both pistons and cylinders, are shown in Table 2. 

The arrangement does not require the previous size of the 
piston to be removed, but merely the addition of the new siz. 
On cylinders, the sizes are stamped on the outside diameter of 
the collar which extends above the crankcase where it can be 
observed without removal of the head on most of the engine’ 
The curvature of this surface permits easy removal of the pr 
vious size symbol when the cylinder is being rebored. 
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We are also reconditioning cylinders by depositing a band of 
metal on the worn portion for about 3 in. down from top dead- 
center position, with the electric arc. The cylinder is cleaned by 
grinding with a hand grinder to remove the surface metal and 
it is revolved during the welding process to keep distortion to a 
minimum. No attempt is made to regain the cylinder size by 
this method, but they are bored out about 0.015 in. above the 
original size and ground to 0.025 in. oversize. This means that 
a cylinder might be worn '/i¢ in., but be returned to service 
only 0.025 in. larger than previously. A section through the 
upper part of a cylinder which has been reconditioned in this 
manner is shown in Fig. 5. This enlarged section shows the typi- 
cal porosity of the electric weld. The deposited metal, however, 
is considerably harder and more wear-resistant than the original 
cylinder material. The pores possibly are an advantage in re- 
gard to the retention of lubricant on this zone where the high 
temperatures often interfere with proper lubrication. 

Fig. 6 shows a cylinder liner from one of the six-cylinder engines 
which was chromium plated at the worn portion for about 4 in. 
down from the top-ring travel. This was taken while the cyl- 
inder was being reground after plating. It had been worn about 
0.024 in. on diameter and was plated sufficiently to bring it back 
to standard size and about 0.010 in. to clean it up. The vertical 
marks from the original use of this cylinder and the ring formed 
at bottom dead center are noticeable. A witness mark of the 
groove caused by maximum wear at the top is just in evidence 

and was removed during the finish-grinding. It 
is possible to set up these cylinders by the origi- 
nal surface and the measurements indicate that 
the cylinder is within 0.002 in. of the original size. 
The results of this application are not yet avail- 
able. However, it will be watched with particular 
interest, inasmuch as it has to contend with ele- 
vated temperatures as well asabrasion. The fact 
that chromium is particularly resistant to chemi- 
cal action of the fuel oil may also provide some 
data in connection with the “corrosion theory” 
which is being discussed so extensively. 

In addition to harder wearing surfaces result- 
ing from the various reconditioning methods which 
have been used on mild- and tempered-steel cylin- 
ders, some very interesting information pertaining 
to the use of cast iron and nitrided steel for this 
purpose has been developed on these engines. 

In the application of cast iron in place of steel, 
it has been necessary to reduce the cylinder size 
somewhat in order to provide sufficient strength, 
and this may have had an influence on the results. 
We have been unable to find a great difference in 
rate of wear on nickel iron, ordinary gray iron, or 
iron cast centrifugally. Any of them, however, 
appear to wear only about half as rapidly as 


Fic.7 Pir- mild steel. The greatest difficulty with the use 
han of this metal on these particular engines, which 
wa Sean were designed for steel cylinders, is in the appli- 
DER Linen Cation within the narrow confines of the crank- 


case. 

Cylinders of nitralloy steel are giving a very creditable per- 
formance. Tests have been carried out over 259,000 miles in 
obtaining comparisons. ‘These indicate that the maximum 
Wear is 0.007 in. in 80,000 miles, which is only about one fourth 
to one fifth the amount on mild steel in similar service. The 


attempts which have been made to reclaim any cylinders of this 
material are unprofitable because of the difficulty in grinding 
the excessively hard surface. Also the second wear is inferior 
because the surface hardness is removed. 
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The pitting of the steel cylinders, as a result of the action of 
the cooling water on the outside, is also a problem which has been 
dealt with in maintenance. Fig. 7 shows an example of this 
condition. Zine and aluminum spraying of some of the cyl- 
inders has been used to prevent this action in order to continue 
the cylinders in service for a longer period. A certain amount 
of pitting occurs at all times, but usually the cylinder is worn 
to the limits mentioned before serious weakness results. A 
limit of 5/3. in. wall thickness, measured at the bottom of the 
deepest pit, has been set up for steel cylinders in order to avoid 
this condition. All liners are coated with a corrosion-resisting 
paint during manufacture or reconditioning to counteract the 
attack of the cooling water. No trouble whatever has been 
experienced with pitting on cast-iron or nitrided cylinders. 


PIsTONS 


Of the various wearing parts of these engines, the pistons 
present the most complex problem, and have been the subject 
of considerable study both as to design and maintenance. The 
almost continuous variation in speed and load over wide ranges, 
which has to be dealt with in railway traction, makes greater 
demands on the piston than most services. Further, the in- 
troduction of aluminum-alloy pistons, so essential to these high- 
speed, lightweight engines has tended toward higher lubricating- 
oil consumption—first, because of the varying clearances be- 
tween the piston and cylinder resulting from the previously 
mentioned service requirements; and, second, because the com- 
paratively soft aluminum alloy wears more rapidly than other 
piston materials. 

Considerable painstaking work and time have been necessary 
in developing maintenance methods to meet these conditions. 
However, a very satisfactory reduction in lubricating-oil con- 
sumption and reconditioning these parts has followed our efforts 
and we have been enjoying the benefits for several years. 

Of the sand-cast, die-cast, and forged-aluminum pistons which 
have been employed since 1925, the forged metal is most suitable, 
as it is stronger, more ductile and wear-resistant. It is more 
expensive, however, because of the more costly process of manu- 
facturing the metal and machining this part from the solid 
forging. 

Wear of the ring grooves in any of the alloy pistons appeared 
as a difficulty early in the operation of these engines. It was, 
in fact, this item which determined their useful life. In bringing 
this factor within reasonable limits, it has been neccessary to 
consider the effect of the fuel oil as well as the design and metal 
from which the pistons are manufactured. In the early days, 
fuel specifications were written in broad terms to take care of 
the very wide territory in which these engines operated. How- 
ever, it seems that two fuels can have apparently identical physi- 
cal characteristics and yet the reaction on the piston from a 
wear standpoint may be widely different. Improved fuel speci- 
fications, which have been developed, and the adoption of 
narrower and diametrically thicker rings proved helpful. How- 
ever, there was still the necessity for reconditioning the ring 
grooves. Wear on the top grooves has been limited to 0.006 in. 
and when this is exceeded the grooves are machined out to take 
overwidth rings. It has been proved that good piston rings 
in equally good grooves are steps in the right direction, and much 
of our effort has been directed toward this end. 

Engines such as these, designed with minimum weight, of 
necessity have the wrist-pin hole somewhat above the center of 
the piston, which has a very limiting effect on the width of the 
lands between the piston rings. This restriction does not allow 
for much widening of the groove until the land is altogether 
too weak and subject to breakage. We have, therefore, 
limited this feature of our reclaiming operations to 0.025 in. 
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over standard width. The rate of wear on the ring lands re- 
mained so much greater than that occurring on the rubbing 
surfaces of the piston or wrist-pin hole that there are many 
pistons which could be used further provided the original con- 
dition could be regained at the ring belt. To accomplish this, 
acetylene welding is being employed and, in Fig. 8, at the right, 
is shown a piston which has had the entire ring belt machined 
off and new metal deposited by this method. At the left ap- 
pears a similar piston after heat-treatment and machining. 
In the investigation prior to the adoption of this method, sand- 
cast and die-cast pistons were examined both before and after 
welding, and some of the results are shown in Fig. 9. This 
shows an enlarged section of an unwelded piston located in this 
work. This particular one is somewhat worse than average 
regarding porosity. Also in Fig. 10 is shown a section illustrating 
a welded piston, for comparison. This enlargement shows the 
condition of the welded ring belt after machining. It will be 


noted that the porosity even in the newly deposited lands is*not 


After Machining 
Fie. 8 Pistons RECLAIMED BY ACETYLENE WELDING 


Before Machining 


nearly as serious as in the original casting shown in Fig. 9. The 
strength of original and welded lands on pistons was determined 
by the load required to break them off one at atime. Typical 
loads required to break lands off an original piston are 35,000, 
36,000, and 35,500 lb while typical loads for a welded piston 
are 60,000, 66,000, and 64,500 Ib. 

It was thus observed that the deposited metal was consider- 
ably stronger than the original, and resulted in the employ- 
ment of this method in lengthening the service of the pistons 
that were in good condition in other respects. Several trials 
were necessary to learn the proper heat-treatment for the vari- 
ous alloys, but, once this was understood, it was carried out in 
routine manner very successfully. Examination of the deposited 
metal indicated that it was not exactly the same as the piston 
material, although the welding rods were of similar composi- 
tion before they were used. Apparently some change takes 
place during the process. 

The file marks on the weld, shown in Fig. 8, are the result 
of taking samples for analysis. The machining of the outside 
diameters has been treated in line with that described for the 
cylinders. The welded pistons are always machined down 
0.025 in. in diameter which removes any distortion caused dur- 
ing the welding process. The wrist-pin holes were found to 
close in slightly under this treatment and this is an advantage, 
since it permits the wrist pin to be refitted to standard clear- 
ances. 

In connection with newly manufactured pistons of 8 to 12 in. 
diameter, it has been demonstrated repeatedly that a certain 
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amount of distortion takes place Soop after they are placed in 
service, and, in connection with recoiditioned parts, this does 
not seem to be so noticeable. In the ordinary course of events, 
pistons which have been reconditioned after 75,000 miles have 


Fic. 9 MIcROSECTION OF PISTON BEFORE WELDING 


Fig. 10 Microsection oF Piston AFTER WELDING 
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Fig. 12 


CANADIAN NATICNAL RAILWAYS 


Car Wo. 


OIL ELECTRIC CARS Bng. Type 
Eng. No, 
RSCORD OF ENGINE SHAFT MEASUTEMENTS pete 
Miles ...399568...... 
Diameter Journals Difference Diameter Crank Pins Difference 
F R V-H | F-R ¥ R V-H F-R 
4.0065] 4.728 4.700 
2 2996 2996 2000 4.732 2005 
05 4.9955 20005 4.700 4.7515 20015 
3 4.995 4.995 +000 4.707 4.701 +004 
2000 4.7275 4.752 20045 
4 -994 4.9925 20015 4.7525 4.7245 2002 
9955 | 4.9935 4.7505 4.7255 2002 
5 4.9945 20005 4.729 4.752 2003 
4.995 4.996 4.7505 4.7515 001 
6 4.996 4.997 2001 4.7515 4.7025 2001 
4.9 4.9965, 20005 4.7025 4.7505 2001 
4.9 4.996 2001 
4.9965 | 4.9975 2001 
Li 4.995 4.9955 20005 
4.9965 | 4.907 20005 
9 LY 
} 
NOTES 


= Front nearest to gear case 

Reer 

« In vertical plane 

= In horizontal plane 
Difference between V and Ii indicates 
ovality end should be zero. 
Difference between F end R indicetes 
teper and should not exceed .002 in. 


ARIS. 


When being measured tie crankpin to Shaft No. 32263 N 1097 
be on T.D.C. (Nickel Chrome) 

If serious ovality is found on main 

journals, the measurements shall be 

recorded in relation to a T.D.C. 

CaNADIAN NATIONAL RAILWAYS 
OFFICE UF CHIEF ELECT. ENGR. 
MONTREAL, January SO, 1931. 


Recorded at: Winnipeg, Man. 


Fie. 11 Form ror Recorpinc Rate or CRANKSHAFT WEAR 


been fitted with smaller clearances without any evidence of seiz- 
ure. 


CRANKSHAFTS 


Diesel-engine crankshafts are handled in a manner similar to 
the pistons and liners in regard to records of wear and sizes. In 
Fig. 11 is shown a copy of this form which is typical of the wear 
occurring on this part. In some studies made several years ago 
comparisons were made between nickel, chrome-nickel, and 
carbon steels for wear resistance, and it was found that there 
Was very little choice between them. However, in replace- 
Ment, the trend has been toward alloy steels because of the 
harder bearing surfaces and greater strength. On main journals, 
the Wear varies between one and two thousandths on diameter 
in 100,000 miles and the crankpins show six to nine thousandths 
during this period on the usual run of crankshaft steel. 

¢ Nitralloy crankshafts which were applied several years 
4g0 are standing up remarkably well, and, on the average, in- 


CRANKSHAFT WiTH Main AND CRANK BEARINGS CHROMIUM-PLATED 


dicate the wear to be about one sixth that usually found. In 
practically every instance, regardless of the type of steel, how- 
ever, the crankpin wear is four to five times that found on the 
main journals. In reconditioning crankshafts the practice is to 
turn the crankpin and journal which is in the worst condition first, 
and then use the size which has been thus established for the re- 
maining pins and journals. In this way it is not found necessary 
to establish definite undersizes for this part, and in a measure 
this has extended the life of the shafts, as only sufficient metal 
is removed to true them up. Very good results have been ob- 
tained with a Webber tool in turning crankpins. This tool is 
one of the type which is used in the lathe and follows the crankpin 
around in its normal path when revolving on the main journal 
centers. Any pins which are oval are first filed to make them 
round so that the tool will be guided by a fairly true surface 
throughout the entire operation. Wooden polishing blocks are 
employed and fine abrasive compounds are used in the final 
finishing, producing accuracy in line with manufacturers’ tol- 
erances. 

A crankshaft from one of the six-cylinder engines, which is 
about 9 ft long, is shown in Fig. 12. This has the main jour- 
nals and crankpins chromium-plated with the object of lowering 
the rate of wear. The sizes were increased 0.010 in. which, 
although not regaining tne original size, is thought to be sufficient 
to prolong the life of the shaft for a considerable period. The 
tolerance of the plate itself was kept within one-half thousandth, 
which is very creditable for such a large article. There has not 
been sufficient service on this shaft as yet to indicate any wear. 
However, as the hardness is in line with nitriding, it is expected 
that the rate of wear will be very low. 


ConNECTING-Rop CraNK BEARINGS 


One of the problems which developed in the early use of these 
engines, and for which the maintenance staff was obliged to 
find a solution, related to crank-bearing failures. This amounted 
to cracking of the babbitt lining in the rod or top half of the 
bearing which continued until most of the babbitt in the high- 
pressure area was loose and broken in small pieces. If this 
condition was not detected, the detached pieces pounded out 
until they interfered with lubrication, causing heating, or the 
bearing shell came down on the crankpin. It was found that 
it did not take long for most of the babbitt to become loose after 
the initial crack had formed and it was not unusual for loose 
babbitt to go unnoticed until the bearing was removed for in- 
spection. The loose pieces would, of course, fall out when the 
bearing was disturbed, and renewal was necessary. Cracking 
never occurred in the bottom half of the bearing and the main 
bearings also were practically trouble free. The fact that the 
babbitt metal employed included all the popular tin-base alloys 
and from failures which occurred with several of these which were 
applied under expert supervision, there was a strong belief that 
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the loads were too high. To offset this, however, a study of 
the records indicated that some bearings operated in excess of 
200,000 miles without renewal. These, of course, were rather 
exceptional in the early days. However, these rare occurrences 
indicated the direction of improvement, and final solution of 
the problem followed. 

Flexing of the bottom end of the connecting rods was given 
attention and, in later installations, bearing sizes were increased 
and the rods strengthened. An idea of the extent of this altera- 
tion can be gained from Fig. 13 which indicates the differences 


in weight. However, the trouble continued and, at one stage 
SMALL END 
SMALL END EN 
iss. 023 JiLss 


TOTAL WEIGHT 


TOTAL WEIGHT 
S7ZLas 075 


BiG END BIGEND 
54iss. 1407s. 6 Ozs 


Fic. 13 Comparison oF CONNECTING Rops BEFORE AND AFTER 
INCREASING STRENGTH AND BEARING SIZES 


of the investigation, several methods of babbitting the crank 
bearings were tried. These included babbitting direct on the 
steel rods without the use of shells, and the use of bronze-lead 
combinations which were only partially successful. The ex- 
perience which was gained resulted in some very definite ideas 
regarding the best type of crank bearing for railway traction. 

Protection of the crankshaft against damage under severe 
and abusive conditions is an important factor because passenger 
trains must be on time if humanly possible. This means that 
under abnormal conditions an engine may be operated without 
a proper supply of lubricating oil, with disastrous results. The 
deve'opment of a crank-bearing shell which can be operated after 
the babbitt has disappeared without damaging the shaft is 
the answer. The use of a shell of this type which can be easily 
removed for inspection or replacement, has permitted reasonable 
maintenance and provided good protection for the crankshaft. 

As a consequence of the poor results obtained with the bear- 
ings in the early days and the time required to obtain replace- 
ments and deliver them to remote parts of the railway system, 
attempts were made to manufacture bearings in the railway shops. 
At first these were not very successful, but by the use of special 
babbitt with high lead content, together with improved practice 
regarding its application, the crank bearings have ceased to be a 
troublesome feature in maintenance. Lead is usually thought of 
as an extremely soft and ductile metal. However, the addition 


TABLE 3 ANALYSIS OF BEARING MATERIAL 


Babbitt, Lead-bronze, 
Element per cent per cent 


of antimony and arsenic gives it a surprising hardness without 
interfering with its antifriction qualities. 

Bronze shells with a phosphorus content were also found to be 
unsuitable and the best results are being obtained with babbitt, 
and shells of the composition given in Table 3. The jig which 
is employed is made solid in order to retain the heat and it is 
kept between temperatures of 250 and 300 F. The tinning 
bath is composed of babbitt containing 70 per cent tin and 30 
per cent lead solder, maintained between temperatures of 600 
and 650 F. Considerable care is exercised in maintaining the 
babbitt pot at 1050 F, and the molten metal is poured from a 
ladle previously raised to the same temperature. This ladle is 
of a large size enabling a complete pour to be made in one opera- 
tion. The shell is not removed from the jig until it has cooled 


to 225 F. 

During the tinning process the shell is completely immersed 
in the bath and left until it has reached a uniform temperature, 
This, briefly, is 


being removed to coat it with soldering flux. 


| 


Fig. 14 CHANGES IN DesiGn or ConNECTING-Rop CRANK BEARINGS 
Wuics Has INCREASED THE SERVICE LIFE OF THE BEARINGS 


Original effective length of crankpin, in...............6000005 2.043 
Original projected area of connecting-rod crank bearing, sq in.. . 9.7 
Number of bolts in crank end of connecting rod............... 2 
Capacity of lubricating-oil pump at 800 rpm, gpm............. 34.1 


the practice employed during the process and great care is ex- 
ercised to insure cleanliness and accuracy. 

The rough hammer-and-chisel maintenance methods credited 
to the railway organization no doubt caused unnecessary fail- 
ures, but this same method applied to the babbitt of the big- 
end bearing resulted in a test definitely proving the degree of 
adherence between the babbitt and shell. When this chipping 
test showed that there was no tendency for the babbitt to peel 
away from the shell, an almost perfect bond existed between the 
two metals. The feature since that time has been only the re 
production of the conditions under which this satisfactory bond- 
ing occurred, and in this respect the human element plays 42 
important part. There is now only an occasional bearing which 
shows trouble on inspection, and the average life of these is well 
above 100,000 miles. Most of the engines go from shopping t? 
shopping without renewal. 

In the manufacture of bearings, certain slight changes were 
found beneficial. These are illustrated in Fig. 14 and show 
the details of a bearing which was one of the worst offenders, 
together with particulars of the working conditions. Fig. 4 
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TABLE4 MAINTENANCE FOR DIESEL-ENGINE 
ARTS 


Average Type of 


Part Limits of wear mileage repairs 
Crankshaft 0.006 in. out-of-round on two or a 
more crankpins 250,000 Recondition 
Cylinders Worn between 0.045 and 0.060 in. 150,000 Recondition 
on diameter 
Pistons Worn 0.010 in. above top ring; 


0.006 in. clearance in three ring 
grooves; 0.005 in. clearance in 
wrist-pin hole 


100,000 Recondition 
Connecting-rod Clearance maintained between 


bearings 0.003 in. and 0.004i n. by adjust- No record of worn- 
ment of shims out bearings 
Wrist pins Worn 0.006 in. on diameter 300,000 Renew 
Exhaust valve Renew when bent, warped, orstem 75,000 Grind 
worn 0.005 in. 200,000 Renew 
Exhaust-valve 
guide Renew when worn 0.008 in. 100,000 Renew 
Piston rings Gap opening increased to '/s in. 75,000 Renew 


shows the original design and the improvement which has been 
in successful operation for several years. Anchor grooves and 
oil grooves were eliminated and the babbitt thickness has been 
materially reduced. Oil pockets were cut at right angles to the 
rod center line and end collars have been added. 

Bearings of 4°/, to 5 in. diameter are installed with only 0.001 
to 0.002 in. clearance, and operate at normal temperatures with 
clearances of 0.003 in. 


GENERAL 


A certain amount of distortion is found in the main-bearing 
openings of the crankcases after several years of service. How- 
ever, the practice of line reaming the main bearings in place, 
which has been adopted, takes care of this. The slight differ- 
ences in babbitt thickness which results from this practice is of 
no consequence. The same type of bearing is used in the mains 
as in the connecting rods previously described. Extremely long 
life is obtained from these. However, in the ordinary course 
of events they are renewed at each general overhaul when the 
crankshaft is reconditioned. In other words, these bearings 
do not wear out but are replaced with bearings of smaller size to 
accommodate the reconditioned shaft. 

The reconditioning of aluminum cylinder heads with steel 
valve seats has presented no problems uncommon to automobile 
engines. Occasionally a head will become cracked and, ex- 
cepting when this occurs in the combustion-pressure area, it is 
repaired by welding. A 50-lb hydraulic test of the water space 
is made following such repairs. Reaming of the seats is required 
at periods of 100,000 miles. Exhaust-valve guides also require 
renewal at this period. 

The four-cylinder engines have been practically free from any 
renewal of parts in the gear cases in spite of mileages around 
500,000. On the six-cylinder engines, however, this unit be- 
comes noisy at about 150,000 miles and will require renewal of 
gear-case parts at 200,000 miles. It is likely that the differ- 
ence in torsional vibration is responsible for this, and on some 
occasions it has been noted that early trouble with the gears was 
associated with an improperly adjusted vibration damper. 

The type of wrist pin with which these engines are fitted, 
which is free to revolve both in the piston and the bearing, is very 
easy to maintain. It is only in the last few years that they have 
Tequired any attention. Wear of 0.006 in. is the maximum which 

been found even after many years operation. This is rather 
Surprising as the loads on this part are high. The wear on wrist- 
pin bosses in the piston and also in the rod bushing is relatively 
low, and the only measure which has been taken to regain the 
original clearances on worn parts is in providing 0.005 in. over- 
size pins by means of chromium plating. 

Fuel-injection pumps and atomizers are sent in to a central 
tepair shop which is adjacent to a toolroom equipped to make 
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adequate repairs. Plungers and valves are reduced in diameter 
0.003 and 0.005 in. as required, and new bushings are fitted. 
Considerable technique has been developed in this work, and 
lapping of the parts which at one time was a tedious job has 
been cut to a minimum. Each pump unit is given a static 
test of 5000 lb pressure as an initial check for leakage. The 
completed pump is put on an operating test and the fuel quan- 
tities balanced using the atomizers which are to be installed 
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with it. 


Governors, lubricating-oil pumps, water pumps, and primary 
fuel-oil pumps operate over 200,000 miles between shopping 
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Fie. 15 Cost Per Car MILe ror Dieset-ENGINE OPERATION 


AVERAGE Datty MILES PER ENGINE 


Year Miles Year Miles 
1929 220 1933 185 
1930 206 1934 184 
1931 191 1935 191 
1932 180 1936 181 


periods without trouble. Often these will go to the third general 
overhaul before requiring much attention. Two or three spare 
units of each type have been provided for protection and are 
handled similarly to pistons and liners, being repaired at a cen- 
tral shop and sent to outlying repair points as occasion demands. 

Some further impressions of the average mileage which is 
being obtained from various engine parts under the maintenance 
practices which have been described are shown in Table 4. This 
also shows data relating to the limits of wear which are in effect. 

Further details of the more important factors pertaining to 
the cost of maintenance are included in Fig. 15 for years 1930- 
1936. The average trend of total cost per mile, shown in curve 
1, has been downward to 1934 and has held between 36 and 40 
cents per mile since then. One of the greatest influences on total 
cost is total miles and, unfortunately, as a result of alterations 
in train schedules, the runs which have been operated by this 
equipment are shorter than previously. At one time groups of 
these cars were on runs of 300 miles per day and this dropped to 
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220 miles in 1929 and has made a further drop of 13 per cent 
since. The fact that repair cost has held constant, or been 
slightly lowered, as shown in curve 2, in spite of this, is very 
gratifying. It has been impossible to obtain the cost of engine 
repairs separate from the other mechanical and electrical re- 
pairs. However, the fact that there has been a general im- 
provement in this is seen from curve 3, which gives the repairs 
in per cent of total cost. Last, but not least, in curve 4 is shown 
the very satisfactory reduction in lubricating-oil consumption 
which has resulted from a systematic handling of pistons and 
cylinder-liner repairs. 

Some ideas on depreciation of Diesel-engine equipment can 
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be gained from our experience. In the first place the results 
after 12 years with the oldest engines indicate that an estimated 
life of 20 years is conservative. The possibility of engines of 
this type becoming obsolete or the costs rising to where they are 
uneconomical after extended service is remote. By inexpensive 
investigation, it is possible during overhaul to improve and 
modernize the engines, even within the narrow confines of exist- 
ing crankcases, with beneficial results. Finally, by careful 
records of wear being kept, a systematic handling of repairs can 
be set up which results in a lowering and stabilizing of engine- 
repair costs. Up to the present it would appear that depreci- 
ation is practically taken care of by renewal of the active parts. 
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Resistance of Lightweight Passenger Trains 


By A. I. TOTTEN,' ERIE, PA. 


The author discusses the factors affecting the resistance 
of modern lightweight streamlined trains, using the 
fundamental data collected by different authors, and 
presents them in a more practical form than heretofore 
available. These factors include those due to track and 
journal resistance, flange resistance, and air resistance, 
as well as the resistance offered by natural or ground winds 
and by the installation of air-conditioning and lighting 
equipment on the cars. The author gives formulas for 
calculating such resistances, and includes in the paper 
examples showing how to apply the formulas. 


OR MANY years there was little information available in 
FE: concrete form, for the guidance of transportation engi- 

neers, in the matter of tractive resistance of locomotives 
and cars of various types and weights. Antedating that time, 
however, Schmidt and Dunn? at the University of Illinois, the 
Pennsylvania Railroad, and the General Electric Company 
had obtained considerable experimental data which were directly 
applicable only to certain specific conditions. 

About ten years ago W. J. Davis, an engineer of the General 
Electric Company, correlated the various sources of information 
and issued a treatise’ which subsequently became, throughout 
the world, the recognized authority on this most important 
subject. Although Davis’ formulas related specifically to 
electric locomotives, nevertheless they are susceptible of appli- 
cation to steam engines by segregating the losses peculiar to 
this type of motive power. 

Recent years have produced rolling-stock developments, 
especially in the case of passenger equipment, which, although 
in some measure visualized by Davis, were not embraced in the 
formulas and curves, which covered in detail practically all 
forms of the then existent motive power and cars. 


Transportation Department, General Electric Company. Mr. 
Totten began his railroad career in 1900 with the Southern Railway. 
He was then appointed electrical engineer of the Queen and Crescent 
Railway at Cincinnati, Ohio, and later became engineer of shops for 
the Southern Railway, and then electrical engineer for the Seaboard 
Air Line Railway. After leaving this position he spent several year 
with the General Electric Company in the study of the requirements 
of shop equipment of the various steam railroads. He then accepted 
& position as electrical engineer and assistant superintendent of motive 
power with the Brazil Railway, with headquarters at Sao Paulo, 
Brazil. Returning to the United States as expert appraiser of special 
railroad franchises for the New York State Tax Commission, he re- 
joined the General Electric Company in 1918. Since that time 
he has made exhaustive studies connected with the application of 
electric power and Diesel-electric equipment to steam-railroad opera- 
tion. He is a member of the American Institute of Electrical Engi- 
heers, and has contributed numerous papers and articles to the 
technical press. 

*“Passenger-Train Resistance,” by E. C. Schmidt and H. H. 
Dunn, Engineering Experiment Station, Bulletin No. 110, University 
of Ilinois, Urbana, Il. 

*“The Traction Resistance of Electric Locomotives and Cars,” 
+ Aad J. Davis, Jr., General Electric Review, October, 1926, pp. 685- 

Contributed by the Railroad Division for presentation at the 

mi-Annual Meeting of THe AMERICAN SocieTY OF MECHANICAL 
ENGINeERs, to be held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
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cepted until July 10, 1937, for publication at alater date. Discussion 
received after the closing date will be returned. 

OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Rapid progress along the lines of lightweight, streamlined, 
and articulated equipment, appears to make essential the deri- 
vation of new methods of approach for the determination of 
tractive resistance factors, upon which must be based all calcu- 
lations pertaining to train time schedules, power-plant capacity 
and fuel consumption for modern railroad service. 

It is the intention of the author to draw freely from Davis’ 
valuable contributions’ on the general subject and also from the 
paper by DeBell and Lipetz‘ which deals specifically with air- 
resistance components. As a matter of fact, it is not the intent 
to introduce any new fundamental data in this paper, but to 
merely condense into more practical form, for universal applica- 
tion, the researches of other engineers along the lines in question. 

There appears to be no reason for departing from Davis’ 
original segregation of train-resistance factors, which may be 
summarized as follows: 


(a) Those that are constant with respect to speed, A. 
(b) Those that vary as the first power of the speed, Re. 
(c) Those that vary as the square of the speed, Rs. 


For convenience in discussion, these three factors will be sepa- 
rately treated under the following subjects. 


TRACK AND JOURNAL RESISTANCE 


According to the Davis formulas, these elements are covered 
by a fixed and a variable component, the latter being inversely 
affected by individual axle loadings. Based upon Schmidt’s? 
experiments these factors were expressed as 


Unit resistance per ton = 1.5 + (100/W) 


where W represents the entire weight in tons on four axies. The 
modification in the Davis formulas shows 


Unit resistance per ton = 1.3 + (29/w) 


where w represents the weight per axle in tons. The differential, 
as between these authorities, results in the following: 


1 
j Schmidt 1.5 + o = 3.17 lb per ton 
60-ton 


Davis 13 + 2 = 3.28 lb per ton 


j Schmidt 1.5 + oe = 4.83 lb per ton 
30-ton car 99 
) Davis 13+ 75 = 5.17 lb per ton 


Thus, the unit resistance, as between the two formulas shows 
decreases of the order of 34.5 to 37.5 per cent for an increase in 
the car weight of 100 per cent. 

Apparently no attempt has been made to segregate the com- 
ponents of rolling resistance, track resistance, and journal friction, 
although it would appear that the value of journal friction might 
be established independently of the other elements, through the 
medium of stand tests. Furthermore, it seems, that while the 
unit of journal resistance will vary more or less inversely with 


4 “‘Air-Resistance of Passenger Trains,” by G. W. DeBell and A. 
I. Lipetz, Railway Mechanical Engineer, vol. 109, December, 1935, 
pp. 496-501. 
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the weight per axle, the rolling resistance, for a given rail weight, 
will vary to some extent directly with the axle loading. 

The tendency is ever prevalent toward larger rail sections, 
and the lightweight equipment, now under discussion, has 
materially lower axle loadings and consequently wheel pressures. 
Both of these elements act in the same direction, pointing to 
a decrease in track resistance occasioned by the so-called “wave 
action.” This feature is emphasized in tests on the Kansas 
City Southern Railway,’ conducted in 1930, which showed a 
reduction of 0.4 Ib per ton with identical axle loadings, but with 
the rail weight increased from 84 to 150 lb per yard. 

These mentioned tests® indicate a resistance decrease of 0.1 lb 
per ton for a rail-weight increase of 19.7 per cent, consequently 
it may be reasonably assumed, that a corresponding reduction 
in axle loading, with a constant rail weight, will produce similar 
results. 

The tendency in lightweight equipment indicates a reduction 
in unit axle loading of about 17 per cent for locomotives and 
from 12 to 25 per cent for cars to operate on existing tracks. 
While it would therefore seem proper to make some reduction 
in the first group of the Davis formulas for the reasons herein 
cited, it is not believed that the information at hand is suffi- 
ciently conclusive to warrant such action. 

The advent of roller journal bearings on rolling stock does not 
appear to have a material effect on the resistance units involved, 
although it is fully recognized that the initial starting resistance 
is thereby reduced materially as compared to A. A. R. brass 
journal bearings. Some opinions and tests controvert this 
statement. 

One reller-bearing company presents laboratory tests, which 
show a decided uniformity of resistance for roller bearings, which 
is irrespective of speed and with values of one third to one sixth 
of those applying to journal brasses. 

Another roller-bearing manufacturer estimates a decrease in 
resistance for roller bearings of 80 per cent at starting, 25 per cent 
at 15 mph, and 33 per cent at 75 mph, as compared to journal 
brasses. 

Certain tests, made by the Chicago, Milwaukee, St. Paul, and 
Pacific Railroad indicated an overall differential of 0.6 lb per ton 
in favor of roller bearings for 80-ton six-axle cars at a speed of 
10 mph. This constitutes a decrease of 17 per cent from the 
components normally applied, under like conditions, to brass 
journal bearings. 

The Budd Manufacturing Company estimates a reduction 
of 20 per cent in journal friction for roller bearings, presumably 
under high-speed operating conditions. 

The experience of other manufacturers, which is supported by 
Pennsylvania Railroad and Illinois Central Railroad tests, does 
not indicate, that at normal operating speeds, there is any pro- 
nounced difference in resistance values for the two classes of 
bearings under discussion. 

After giving due consideration to all of the foregoing and 
pending more definite information on the subject, it is decided 
to maintain the Davis factor as uniformly applicable to both 
roller bearings and journal brasses. The final components for 
R, thus become 


where w = weight per axle in tons. 


FLANGE RESISTANCE 


The term “flange resistance” shall include all forms of re- 
sistance proportional to the first power of the speed. These 


5 “‘What is the Economic Weight of Rail,’ Railway Age, vol. 88, 
May 24, 1930, pp. 1231-1237. 
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also embrace, in general, flange friction, resistance elements 
due to concussion, swaying, and oscillation. It is obvious, that 
the character of track construction, truck-wheel spacing, the use 
of truck restraining devices, and other items of lesser import are 
controlling factors in the constant to be employed. 

In Davis’ analysis of this problem there are established constant 
values varying from 0.03 to 0.09 depending upon the type of 
service considered. These constants are as follows: 


Interurban cars (operated 0.090 


The high value of 0.09 was used only for single car operation, 
where oscillations, etc., are naturally magnified without the 
restraining influence exercised by a connected train. 

The lightweight high-speed equipment considered in this 
analysis will consist of locomotives or power units weighing from 
75 to 250 tons in combination with lightweight four-axle or 
articulated cars. 

There is no question but that the locomotives or power units 
should be placed in the category where the 0.03 constant applies. 
The relatively lightweight trailing cars will have comparatively 
short truck-axle centers. As an offsetting feature, however, 
the highest grade type of construction, probably with truck- 
stabilizing features, is employed. In addition, high-speed 
operation is of necessity conducted over a well-maintained right 
of way, with the resultant oscillating features held to a minimum. 
Furthermore, the recent practice of flat turning the tire treads 
gives every indication of materially reducing flange contact and 
pressure on the rail head when operating on tangent track. 

For all of the reasons cited in the foregoing paragraph, it is 
decided to maintain the present minimum factor for both loco- 
motives or power units and the trailing cars. The constant 
therefore remains as 


where V- = speed, mph. 


Atm RESISTANCE 


Air resistance, in effect, covers not only head-end resistance 
but all air elements, including those pertaining to such factors 
as turbulent or eddy currents, skin friction, ground wind, and 
viscous drag. It is generally assumed that such resistance varies 
as the square of the speed which, while not entirely true, | 
sufficiently accurate for all practical purposes. 

The Davis formulas apparently took cognizance of the fact 
that a more or less definite relationship existed between the 
cross section, weight, and length of the individual car units, 
which accorded automatic compensation for skin effects. Thus, 
he used the head-end area in combination with a proper col- 
stant for establishing total air resistance and divided the re- 
sultant, so derived, by the weight of each individual car 0 
locomotive for the purpose of obtaining the unit resistan¢t 
expressed as pounds per ton. 

The later use of aluminum and high-tensile steel alloys, dit 
turbed the previously mentioned equilibrium so that the prit- 
cipal authorities on this particular subject now deem it best 
take the cross-sectional area or perimeter of the locomotives 
cars, in combination with the length, for securing total ail 
resistance values. 

Streamline effects were considered by Davis,’ but not & 
tended to the formulas or curves in which his studies culminated 
Based upon tests made in St. Louis by the Electric Railway 
Test Commission, he established the following coefficient pe" 
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centages for the body only, with different forms of vestibule 
constructions, which presumably applied to both ends of the 
individual car as tested. These are as follows: 


Standard (truncated wedge)..................05. 67 per cent 


It was ascertained that the single car, used in the previously 
mentioned St. Louis tests, produced a coefficient of air resistance 
of 0.00228, which was magnified to 0.0024 in the Davis formulas. 
If the ends of the car had been of parabolic shape, but without 
other changes, then the coefficient as applied to the head-end 
cross-section and the V*, would become 0.001495. 

In recent years, through the medium of wind-tunnel tests, 
considerable data have been collected, especially for airplanes 
and streamline-train resistances which are of value in the de- 
termination of Rs or the third factor of the train-resistance 
formula. This whole subject is well presented by DeBell and 
A. Lipetz, and by Ober.® 

It is obvious, that the selected shape of the head and rear end 
of the train, as well as many other details of design, which may 
be influenced by factors other than those attributable solely 
to air-resistance features, will have some effect on the final 
resistance units that will apply. These variables are represented 
by the symbol K in formulas to follow. Open-skirt construction 
(18 in. from skirt to top of rail) or closed-skirt construction, 
where the entire underframing is shrouded, are elements which 
must also be considered. The relative constants for these last 
two alternative methods of construction on power cars, as 
defined by DeBell and Lipetz,* is 0.00224 for open skirts, 0.002 
for closed skirts; the decrease for closed skirts is therefore 
0.00024 or 10.75 per cent. 

The K factors, as ascertained from the tests, are as follows: 


K, = For power or leading-car nose well streamlined = 0 
For nose bluntly streamlined = 0.000036 X cross- 
sectional area of nose at full section, including trucks, 
in square feet 
For tail shape of rear car well streamlined = 0 
For tail bluntly streamlined = 0.000061 X_ cross- 
sectional area of tail at full section, including trucks, 
in square feet 
K; = For power-car trucks, both faired = 0 
For unfaired trucks = 0.00026 
K, = For faired trailing-car trucks = 0 
For unfaired trucks = 0.00013 X number of trailing- 
car trucks 
Ks = For smooth diaphragms = 0 
For cowled diaphragms = 0.000037 X P. X number 
of diaphragms 


Ky = For no bulge of power car = 0 
For bulge of good streamline shape = 0.00032 x 
cross-sectional area of bulge in square feet 
For bulge of relatively poor streamline shape = 0.00051 
X cross-sectional area of bulge in square feet 

K; = For closed wheel shrouds on streamlined locomotives 
(all wheels completely enclosed) = 0 
For open shrouds (2 ft X 2 ft 6 in. inspection openings 
over the driving-wheel journals) = 0.0005 x total 
number of openings 
For short shrouds (driving wheels and tender trucks 
completely exposed) = 0.0182 


*“Air Resistance of the Burlington ‘Zephyr,’ by 8. Ober, Railway 
tte, Supplement, June 14, 1935, p. 1184. 
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Ks = For helmet nose on streamlined locomotive = 0 
For straight nose = 0.0021 
For round nose = 0.0026 
K, = For round-top boiler shape on streamlined locomotive 


= 0. 
For cowled top (domes and fittings enclosed in longi- 
tudinal cowl above boiler shroud) = 0.0035 


For the purpose of this analysis and in order to present some 
examples showing the adaptation of the DeBell and Lipetz‘ 
formulas, the following three basic types of equipment are 
selected: 

1 The streamlined locomotive-hauled train with open-skirt 
streamlined cars, having (a) no adverse design elements and 
(b) maximum adverse design elements. 

2 The streamlined locomotive-hauled train with standard 
cars, having (a) no adverse locomotive-design elements and 
(b) maximum adverse locomotive-design elements. 

3 The streamlined power-unit articulated train with closed 
skirts, having (a) no adverse design elements and (b) maximum 
adverse design elements. 

For the first case, a streamlined electric, Diesel-electric, or 
steam locomotive with a train of lightweight streamlined cars 


is assumed. The simplified formula, as established by DeBell 
and Lipetz,* is 


L, 
R; = (0.023 WL, + K,) + | ooorzase, (+) + K. |v 
[3] 


where L = length of train, ft; Lz, = length of locomotive or 
locomotive and tender, ft; L, = length of car consist (rear of 
locomotive or tender to rear of train), ft; P, = perimeter of cars 
from plane of top of rails over car to plane of top of rails, ft; 
and K, and K, = constants based upon details of construction. 

The constants for the locomotive resistance presuppose a 
cross-sectional area equivalent to that of the New York Central 
Hudson-type steam locomotive which is a fair average for all 
locomotives considered for the particular type of service now 
analyzed. The individual formula for the locomotive, reduced 
to a unit basis, expressed in pounds per ton is 


(0.023 WL, + K,)V? 


and for the cars (14 ft high from top of rail to roof, 10 ft wide, 


and with an effective perimeter of 40 ft), expressed in pounds 
per ton is 


where W = total weight of locomotive or cars, tons. 

For the second case a streamlined electric, Diesel-electric or 
steam locomotive with a train of standard vestibuled cars is 
assumed. The simplified formula is 


0.7 
R; = (0.023 WL, + K,) + | x P, (4) + K.| vy? 
[6] 


The locomotive formula for unit resistance remains as in the 
first case, that is, Equation [5]. 


The following substitution, expressed in pounds per ton 
applies to the cars 


L 0.7 
| oz (4) +> x| vs 
100 
Rs = 


— 

re 
nt 
of 

100 
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For case No. 3, the tra’n hauled with a power unit is treated 
as a whole upon the basis of the formula 


The cross-section areas for trains of this character are some- 
what less than that for the locomotive-hauled trains previously 
considered. The distance from top of rail to roof is now taken 
as 12 ft and the width as 9'/; ft, thus producing a perimeter of 
35 ft. On this basis the unit formula expressed in pounds per 
ton, may be simplified somewhat as 


0.8 

| 007 (=) +Kj|V? 

R = 100 9) 
= 

The application of the suggested formulas to hypothetical 

train compositions is shown as follows, based upon certain 


assumptions, as defined along the lines of recent developments. 


ExaMPLE—OaseE No. 1 


Consider a locomotive with a weight of 200 tons, a length of 
80 ft, and eight axles. The train consists of ten 50-ton, 70-ft 
cars with four axles per car, assume a train speed of 90 mph. 


Ideal Design. The resistance of the locomotive is 
(0.023 WL, + K)V? 
Ww 


(0.023 X 4.3 X 8100) 
200 


R 1.30 + +008 + 


1.30 + 1.16 + 2.70 + 


9.17 lb per ton 
The resistance of the cars is 


R = 1.30 += +0031 + 


(0.0694 X 5.54 X 8100) 
500 


1.30 + 2.32 + 2.70 + 


12.55 lb per ton 
The resistance for the locomotive and cars is 
vs (9.17 X 200) + (12.55 X 500) 
700 
11.58 lb per ton 


The horsepower output at the wheels for balanced speed on 
. level tangent track is 


11.58 X 700 X 90 
375 
Adverse Design. The resistance of the locomotive is 


(0.023 X 4.3 + 0.0243)8100 
200 


= 1945 hp 


R 


1.30 + 1.16 + 2.70 + 


10.16 lb per ton 


For the cars 


(0.0694 x 5.54 + 0.015)8100 
500 


R = 1.30 + 2.32 + 2.70 + 


= 12.79 lb per ton 


For the locomotive and cars 

(10.16 X 200) + (12.79 x 500) 
700 

12.05 lb per ton 


R= 


The horsepower is 


12.05 x 700 x 90 
375 


= 2024 hp 


EXxAMPLE—CasE No. 2 


The conditions for this case are the same as for case No. 1, 
except with standard vestibuled 70-ft cars. 


Ideal Design. For the locomotive 
3/7 
R = 1.30 += +0.03 V + (0.023 VL, + K)V? 


(0.023 X 4.3 X 8100) 
200 


L 0.7 
2 
| oz 4 (4) + K| J 
Ww 


(0.124 X 3.904 * 8100) 
500 


= 1.30 + 1.16 + 2.70 + 
= 9.17 lb per ton 


For the cars 


29 
R= Le + — + 0.03 V + 


1.30 + 2.32 + 2.70 + 


14.17 lb per ton 
For the locomotive and cars 


os (9.17 X 200) + (14.17 x 500) 
700 


= 12.73 lb per ton 


R 


The horsepower output at wheels for balanced speed on level 
tangent track is 
12.73 X 700 90 
375 


= 2140 hp 


Adverse Design. For the locomotive 


(0.023 X 4.3 + 0.0243)8100 


R = 1.30 + 1.16 + 2.70 
200 
= 10.16 lb per ton 
For the cars 


(0.124 X 3.904)8100 
500 


R = 1.30 + 2.32 + 2.70 + 
= 14.17 lb per ton 


For the locomotive and cars 


o (10.16 X 200) + (14.17 x 500) 
700 


= 13.02 lb per ton 


R 


The horsepower output is 


13.02 X 700 x 90 
375 


= 2187 hp 


ine L \*8 
R; | 0.0020 P,{ } 
100 
| 
0.0604{-< ) 
100 
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No. 3 


Consider a power unit articulated with a three-car (eight 
axles) 120-ton train 198 ft long. Assume a speed of 90 mph. 
Ideal Design. The train resistance is 


L 
2 
99 . 007 x +KiV 
R = 1.30 +— + 0.03 V + 
w 


(0.07 1.727 X 8100) 
120 


1.30 + 1.94 + 2.70 + 


14.10 lb per ton 


Horsepower output at wheels for balanced speed on level 
tangent track is 


14.10 X 120 x 90 
375 


Adverse Design. The train resistance is 


(0.07 X 1.727 + 0.015)8100 


R = 1.30 + 1.94 + 2.70 
+ + 120 
= 15.12 lb per ton 
The horsepower output is 
15.12 X 120 x 90 
= 435 hp 


375 


NATURAL OR GROUND WINDS 


The foregoing analysis of train resistance is based upon a still 
air condition, with the third factor of the equation [R;] derived 
from wind-tunnel tests where the flow of air is parallel to the 
position of the train. This in effect is symbolical of actual opera- 
tion, where the relative pressures and consequently the resistance 
elements are created only by the movement of the train itself. 

It has been more or less customary in the past when con- 
sidering wind conditions to assume that the maximum retarding 
elements were occasioned by a direct head wind and that the 
force of such wind should be added to the train speed, expressed 
in the same units, for the determination of resultant values. For 
example, a train speed of 60 mph and an adverse wind of 20 
mph would affect the third value of the equation as follows: 


which represents 6400/3600, or 1.77 times the normal drag. 
DeBell? has given test results which indicate the effect of 
aerodynamic forces brought about by extraneous wind currents, 
and has established the value thereof at different directional 
angles by placing the test model obliquely to the air stream. 
It was thus ascertained that the maximum adverse condition 
was obtained when the counterbalancing air pressure was in the 
forward quartering position, at an angle of between 40 deg and 
50 deg to the direction of movement. These ground-wind 
currents apparently exercise an adverse effect from zero angle, 
representing a direct head wind, to an angle of 120 deg or more. 
An advantage is reflected from this point to a direct tail wind. 
As expressed in a relationship to the square of the combined 
train speed and head wind, the increase in resistance value of 
the 40 deg to 50 deg forward quartering wind is of the order of 
1.25 when the wind velocity is equivalent to one third of the 


train speed and 1.50 when the wind velocity equals the train 
speed. 

" Effect of Natural Winds on Air Drag,” by G. W. DeBell, Railway 
echanical Engineer, vol. 110, April, 1936, pp. 145-147. 
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The foregoing remarks under this subject are of more or less 
academic interest, because from a practical standpoint the wind 
varies from all directions and at different intensities, although 
for any given trip it is necessary to reckon upon some character 
of adversity which can be estimated as the square of the total, 
that is (train speed + wind velocity)*. For extreme accuracy, 
weather-bureau records can be obtained for the territory con- 
sidered. As this paper is concerned more with the application 
of figures for general use, it is believed that the equivalent of a 
direct head wind of 10 mph should be taken as a practical value 
for schedule calculations. 

Quartering, or direct side winds, also affect flange friction 
R, and possibly, to a minor extent, journal friction R, due to 
pressure on end thrust bearings. These elements have not 
been considered in this analysis, due to lack of information on 
the subject. 


Track Curve RESISTANCE 


The unit of track curve resistance appears to be uniformly 
established at 0.8 lb per ton per deg. This must be considered 
in train-resistance calculations. The alignment of the road in 
question must be studied, the radius of each curve multiplied 
by its length and the total of the resultants divided by the total 
length, including tangent track, of the particular section being 
analyzed. The average degree of curvature and the corres- 
ponding unit train resistance will be thus obtained. 


Arr OONDITIONING AND LIGHTING 


The introduction of air conditioning on railroad cars, produces 
a power requirement element of considerable proportions which 
in many cases must be converted into train-resistance units if 
the available total output at the motive-power wheels is used 
as a basis for train-operating characteristics. A lesser value 
must be added for lighting energy. In order to obtain proper 
results, the average of the maximum requirements for mechanical 
or electromechanical air-conditioning equipment may be taken 
as 25 hp per car, and the requirements for electric lights and 
battery charging may be taken as 5 hp per car, or a total of 
30 hp per car, at speeds of 30 mph and higher. This power 
input to axle generators can be reduced to train-resistance values 
according to the following example for a 50-ton car: 


hp X 375 30 X 375 


At h = 7. 
30 mp SxW 30 X 50 7.5 lb per ton 
hp X 375 30 375 
At 90 mph = = 2. 
aa 


At the slower speed, the power for air conditioning and lighting 
will exceed that required on level track for the remaining features 
of train operation. 

The foregoing applies in part to steam air-conditioned cars. 
In this case, where steam motive power is used, the required 
amount of steam (250 lb per car) will cause a decrease in the 
boiler capacity available for traction and consequently reduce 
the wheel output, as expressed in tractive effort at a given speed, 
if the boiler and not the cylinders is limiting. Some additional 
axle-generator output is also required to operate certain air- 
conditioning auxiliaries, but not as much as that necessary for 
mechanical or electromechanical equipments. 

For the streamlined articulated trains, with power units, it 
is the practice to supply air conditioning and lighting through 
the medium of an auxiliary generator driven from the main 
engine unit, or from an auxiliary engine set. In these cases 
the required power does not represent a deduction from that 
considered as available for traction purposes, hence the train- 
resistance units are not affected. 


: 
| | 
20 mph head wind........................(60 + 20)? = 6400 
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Following are some examples of specific cases to show antici- 
pated resistance units, lacking grade increments that depend 
entirely on profile conditions; but with assumed head wind, 
air-conditioning, lights, and curve-resistance units added. The 
streamline design and factors affecting wind resistance are as- 
sumed as having been worked out to the best advantage. 


EXxaMPLe No. 1 


Consider a streamlined 200-ton locomotive 80 ft long hauling 
a ten-car train, the cars of which are streamlined, weigh 50 tons 
each, are 70 ft long, and have an effective perimeter of 40 ft. 
The cars are equipped with electromechanical air-conditioning 
equipment and electric generators, the power requirements of 
which are 25 hp and 5 hp per car, respectively. Assume a head- 
wind velocity of 10 mph, a train speed of 90 mph, and an average 
track curvature of 30 min. 

The resistance of the locomotive is 


(0.023 WL,)V? 
W 


R 1.30 + +008 + 


1.30 + 1.16 + 2.70 + 4.95 
10.11 Ib per ton 


For the cars 
x ”) 
1.30 + 40.03 V + 
w WwW 
1.30 + 2.32 + 2.70 + 7.69 
14.01 Ib per ton 


For air conditioning and lights 


30 X 375 
90 X 50 
Therefore, the total resistance for the cars is 2.50 + 14.01 = 
16.51 lb per ton. For the locomotive and cars 


(10.11 X 200) + (16.51 X 500) + (0.4 x 700) 
700 


R= = 2.50 lb per ton 


= 15.09 lb per ton 
The horsepower output at wheels for balanced speed on level 
track is 


15.09 X 700 X 90 


= 2534 h 
375 


EXxamPpLe No. 2 


Consider a locomotive-hauled train the locomotive of which 
is the same as that used in example No. 1 and the cars of which 
are not streamlined (standard) but have the same proportions, 
weights, and air-conditioning and lighting equipment as the 
cars in example No. 1. Assume also the same head-wind 
velocity of 10 mph, same speed of 90 mph, and same average 
track curvature of 30 min as used in example No. 1. Then 


the resistance offered by the locomotive is 10.11 lb per ton, as 
calculated in example No. 1. However, for the cars 


[ose (i) 
0.124 x ve 
2 
R = 130 +2 +003 + 

w W 
1.30 + 2.32 + 2.70 + 9.69 
16.01 lb per ton 


ll 


For air conditioning and lights 


375 
= 2.50 lb per ton 


90 50 


Therefore, the total resistance of the cars is 2.50 + 16.01 = 
18.51 lb per ton. For the locomotives and cars 


_ (10.11 X 200) + (18.51 500) + (0.4 x 700) 
700 


R 


= 16.51 lb per ton 
The horsepower output at wheels for balanced speed on level 
track is 
16.51 X 700 x 90 
375 
Exampte No. 3 


Consider a streamlined articulated eight-axle 198-ft train 
weighing 120 tons. Assume the head-wind velocity to be 10 
mph, the train speed to be 90 mph, and the average track 
cruvature to be 30 min. The train resistance 


[om x 


= 1.30 + 1.94 + 2.70 + 10.07 = 16.01 lb per ton 


= 2774 hp 


R= 1.30 + + 0.03 + 


The total resistance including track curvature is 


(16.01 X 120) + (0.4 X 120) 
120 


= 16.41 lb per ton 


The horsepower output at wheels for balanced speed on level 
track is 
16.41 X 120 x 90 
375 


= 473 hp 


CONCLUSION 


It has been the purpose of this article to set forth all of the 
factors affecting train resistance, which apply in general to mod- 
ern railroad passenger-train operation. If analyzed in a critical 
manner for a particular set of conditions, undoubtedly minor 
adjustments will be in order since resistance units will be affected 
by details in the shapes of such details as the head end, tail end, 
roof, wheel fairings, and window embrasures. It is believed, 
however, that for ordinary use the formulas herein given, and 
the remarks applicable thereto, will be of service. 
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Santforizing Methods Up to Date 


By C. H. RAMSEY,' PATERSON, N. J. 


After commenting briefly on the increase in the pro- 
duction of sanforized shrunk goods of over 824 per cent 
in five years, which he states is one of the most startling 
extensions of a new process in the history of the textile 
industry, the author describes the types of machine that 
were used in 1930 when the process was more or less of an 
experiment. The process is next outlined, and the differ- 
ent types of machine that are now commercially available 
are described. One of these finishes fabric on one side 
only, while the other turns out cloth that is accurately 
shrunk in both warp and weft to its potential wash shrink 
and has an acceptable finish on both sides. The mechani- 
cal means provided to secure the proper relation of the 
different units of the machine and the prevention of 
scorching of either the cloth or the fabric are described. 


NLY SIX years ago, sanforizing was considered as an ex- 
periment. The three units of equipment then in operation 


processed only 364,000 yd of cloth. Five years later, the 
80 machines installed in 51 plants processed 300,000,000 yd, and, 
by 1935, the production of sanforized shrunk goods had increased 
over 824 per cent, as compared with the volume of five years 
earlier. 

The process and. machinery used commercially were de- 
scribed in a paper that was presented at the 1931 Annual Meeting 
of The American Society of Mechanical Engineers.? The side of 
the early machines was left open, thus ignoring the safety factor, 
leaving moving parts unprotected, and allowing wasteful radiation 
of heat from cylinder heads and side walls. The small drying 
cylinder of this machine was at the top, and its effective envelop- 
ment by the blanket without recourse to additional guide rolls, 
which is undesirable, was impossible. This construction pre- 
vented ready access to the drying cylinder, required excessive 
headroom, increased the difficulty of changing the blanket, and 
precluded the full skying of blanket and processed fabric over the 
rising heat of both cylinders. 

In these machines, the cloth is laid on the blanket at the begin- 
hing or point of greatest expansion, and pressure of the electrically 
heated ironing shoes causes it to adhere. As can be seen from 


' President, Morrison Machine Co. Mem. A.S.M.E. Mr. Ramsey’s 
connection with the metal-working industry dates back to 1896 when 
he was employed by John Royle & Sons, Paterson, N. J., as a machin- 
ist’s apprentice. In the 17 years that he was associated with this 

, he was, successively, journeyman machinist, draftsman, machine 
designer, and superintendent. He secured his mechanical and engi- 
neering education by supplementing his practical experience with 
Treading and study, correspondence-school courses, private tutors, 
and special instruction in machine design. Immediately after leaving 
John Royle & Sons, Mr. Ramsey purchased an interest in the Mor- 
rison Machine Co., also of Paterson, builder of textile and power- 
transmission machinery. He became president of the company 
shortly after becoming associated with it and has held this position 
for more than 20 years. 

*“Sanforizing Process,”” by Sanford L. Cluett, Trans. A.S.M.E., 
vol. 55, 1933, paper TE X-55-2. 

Contributed by the Textile Division and presented at the Annual 
Meeting of Taz AMERICAN SocteTy oF MECHANICAL ENGINEERS, 
held in New York, N. Y., Nov. 30 to Dee. 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E.,29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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Fig. 1, the shoe is shaped to hold the cloth against the expanded 
element until it makes contact with the drying cylinder that 
moves down to receive it. The surface of the blanket, contract- 
ing as its curvature is reversed, shrinks the web adhering to it 


in direct proportion. This shrink will always be the same for 
any given thickness of blanket and will exceed that necessary to 
meet the potential wash-shrink dimension. However, the surface 
speed of the drying cylinder is proportioned, through adjustable 
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Fie. 1 Mopirrep PALMER OF THE SANFORIZING APPARATUS WHICH 


SHRINKS THE Fasric TO LENGTH 


gear connections, to the shrink required and will pull the fabric 
sufficiently by warpwise tension to correct this overshrink. 


ENCLOSING SipEs OF MACHINE INCREASES PRODUCTION 


In a more recent sanforizing modified palmer unit, which is 
shown in Fig. 2, the drying cylinder has been lowered and a 
highly desirable streamline effect has been secured. This arrange- 
ment provides the maximum skying of both blanket and fabric 
over the rising heat from both cylinders, which is further induced 
by enclosing the sides of the machine and thus increasing produc- 
tion. Obviously, the enclosure is also highly conducive to the 
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Fic. 2 A More Recent DEVELOPMENT SHOWING THE I[RONING-SHOE ASSEMBLY 


safety and comfort of the operator, cleanliness of the fabric, and 
protection to the moving parts of the machine. 

During the shrinking process, the cloth passes from left to 
right. The first unit, which is called the holdback or feeding 
machine, consists essentially of a pair of draw rolls before which 
tension devices and cloth guiders are mounted. This and each 
modified palmer unit are equipped with quick-change gearboxes 
to keep them in the proper relation to each other for the shrink 
required by the fabric being processed. The gearbox on the 
feeding machine has seven change gears controlling the shrink in 
increments of 1 in. per yd, while that on the modified palmer has 
three shrink gears giving increments of !/, in. per yd. Thus, 
any shrink from 0 to 7%/, in. per yd which the blanket is capable 
of producing is readily obtainable. In addition, gears securing 
actual stretch of the fabric, as well as synchronism of the units, 
are also provided. 

Attached to the feeding machine is a set of atomizer heads for 
spraying a fine mist of water on either or both sides of the fabric 
as may be required. Thence, the cloth passes over a system of 
steaming pipes, which, together with the atomizers, render the 
cloth plastic and susceptible to the changes about to take place. 

On the entering end of the modified palmer unit, an adjustable- 
type spreading device causes the introduction of the cloth to the 
flexed shrinking element in proper width and free from wrinkles 
or scrimps. Between the feeding machine and the spreading 
device, the cloth, in a plastic condition, is held under enough 
warpwise tension to crinkle the weft threads sufficiently to meet 
or slightly exceed the previously determined wash-shrink poten- 
tial dimension, and the spreading device brings the cloth to the 
exact width required and delivers it to the warp shrinking element 
without further change. This spreader arrangement is still useful 
for handling fabrics belonging to the denim family but has been 
superseded by a more accurate device for other cloths where 
greater uniformity is required. 

Blankets of various thicknesses are used to secure definite 
shrink requirements. As all blankets are subject to wear and 
reduction of thickness in use, a series of feed rolls with diametral 
increments of 1/3: in. is provided to maintain complete contact 
between the shoe and the cloth, the resilience of the blanket render- 
ing more minute increments unnecessary. The woolen belt or 
blanket is endless and is provided with means for confining the 
sidewise creep within the limits of the cylinders over which it 
rides. Once, this was manually controlled but is now accom- 
plished automatically by a motor-driven guide roll that is actu- 
ated by a mercury switch provided with suitable detector fin- 
gers. This guide roll holds the blanket near the center of the 


cylinder periphery, allowing only a very small lateral movement. 

The electrically heated shoes are thermostatically controlled 
with a 15-F differential and remain in contact with the cloth or the 
blanket only while the machine is in motion. If, for any reason, 
the machine stops, the shoes automatically rise from the operating 
position after it comes to a full stop, thus precluding the possibility 
of scorching either fabric or blanket. This is accomplished 
by a governor-type circuit breaker that lifts the shoes by gravity- 
actuated balance weights, and, as the shoes rise, the current is 
automatically shut off. Coincidentally with the machine starting, 
the current is switched on as the shoes return to the operating 
position where they are held by a solenoid valve-controlled air 
cylinder. 

The processed fabric leaves the cylinder and blanket accurately 
shrunk in both warp and weft to its potential wash shrink and 
permanently set in this condition. In addition, the shrinking 
process has improved the finished appearance of the fabric, the 
full crinkle of the fibers catching and reflecting the light. Finally, 
the processed cloth is lightly plaited down into waiting trucks 
ready to be folded and packaged for shipment. 


Dup_Lex MAcHINE DEVELOPED TO FINIsH Boru SIDEs OF FasRic 


As the processed fabric leaves the machine, one side has an 
entirely different surface from the other. On several fabrics, 
this is perfectly satisfactory, but, on many others, this is definitely 
objectionable, and the duplex machine was developed to meet 
this condition. A battery of these machines, as viewed from the 


Fic. 3. Enp or a Battery OF DupLEx MACHINES 
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entering end, is illustrated in Fig. 3. An additional modified 
palmer of smaller size, sometimes called a reverse finisher, has 
been added. The cloth passes over an atomizer, which is located 
between the two modified palmers and slightly moistens the side 
of the fabric that was against the blanket of the first machine. 
This moistening usually is not sufficient to penetrate the fabric. 
The cloth then passes up and around the heating cylinder of the 
second modified palmer unit with the moistened face of the cloth 
against the heating cylinder, and an equally acceptable finish on 
both sides is secured. 

Fig. 4 is a close-up of the clip expander, which precedes the main 
modified palmer unit in the duplex machine. This resembles a 
miniature tenter and has small automatic clips that grip the 
edges of the fabric and keep the width uniform and accurate 
within the limits of the cloth being processed. The machine is 
connected to the power source by a telescopic shaft and can be 
moved back and forth over the track on which it rides on flanged 
wheels without disconnection. Stops are provided on both ends 
of the track to prevent overtravel and can be adjusted to set the 
expander in the correct relation to the shrinking element. Motion 
back and forth on the tracks is easily secured by a handwheel 
and also provides ready access to the shoes and shoe area to 
facilitate adjustment and replacement of shoes, feed rolls, and 
blanket. Vertical adjustment is also important; hence, the 
frame is hinged at the entering end, and the delivery end can be 
raised or lowered as required. The expander can be locked in 
either the operating or nonoperating position by a clamping 
bracket which also acts as a support for the telescopic-shaft 
envelope. 


TEXTILE 


Fic. 5 Latest Tyre or SANFORIZING MACHINE 
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Fig. 4 ANOTHER VIEW OF THE SAME BaTTEeRY, SHOWING THE CLIP 
EXPANDER AT WORK 


The most modern type of simplex sanforizer is fitted with a 
main cylinder that is 84 in. in diameter, a clip expander, and a 
new skying device in the steaming chamber. This device consists 
of a bronze frame supporting 11 brass rollers that are mounted on 
brass shafts with stainless-steel ball bearings. With it, the cloth 
remains in the moistening area much longer, which materially 
increases the plasticity. A unit of this type is shown in Fig. 5. 
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New Spring Formulas and New 
Materials for Precision Spring 
Scales’ 


R. F. Voer.?. The authors have analyzed very admirably the 
helical-spring problem, and contributed thereby much to the 
general knowledge of the characteristics of helical springs. It 
may be of interest to know, however, that the authors’ Equation 
[38] may be changed advantageously into a more convenient 
form by substituting f for H1]—Hpo, where f designates the spring 
deflection due to the load P. Making this substitution in the 
authors’ Equation [88] and rearranging, the equation becomes 


\ EI GIL EI 
GJ PR&L = KLP 
EI GJ 2AG 
which may be simplified into 
EI PR? EI 
GJ K Ld? 


af? + bf +c =0 
from which 
re 2a 


In these equations Ho is the height of the helix when the load 
P = 0, which load P is positive when the load extends the spring, 
and negative when it compresses the spring. 

Due to the curvature effect of the spring bar, the deflection for 
pure-shear load is only one half of the amount provided by the 
authors; the explanation for this characteristic is given by 
Réver.* 

After it was shown by the authors that the deflection curve of 
the helical spring is not a straight line, as indicated by the con- 
ventional spring formula, it likely will interest some readers to 
know the amount of inaccuracy involved by the use of the con- 
ventional spring formula. For this purpose the writer deter- 
mined the deflection resulting by the use of the various formulas 
for a spring of the following specifications: d = 1 in., L = 100 
in, G = 11,700,000 lb per sq in., and G/E = 0.392. For the 
tension spring Hy = 5.3 in., and for the compression spring Ho = 
S5in. The deflections for P = 4000 Ib are: = 3.13413, = 
3.160248, fs = 3.1659218, and f, = 3.1493715. 

The first value f, is derived from the conventional formula 
fl = PR?L/GJ in which cos? ¢, bending, direct-shear deflections, 
and influence of change in radius R and wire length L are neg- 


— 


_ ' Published as paper RP-58-12, by M. F. Sayre and A. V. deForest, 
in the July, 1936, issue of the A.S.M.E. Transactions. 

* Chief Consulting Engineer, Allis-Chaimers Manufacturing Com- 
pany, Milwaukee, Wis. Mem. A.S.M.E. 

*“Beanspruchung zylindrischer Schraubenfedern mit Kreisquer- 
schnitt,” by A. Réver, Zeit. V.D.I., vol. 57, 1913, pp. 1906-1911. 
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Discussion 


lected. The second value, = (PRo?L/GJ) {1 + 0.3 (d?2/Ro)?], 


as proposed by the writer*® adds to f; the direct-shear deflection. 
—b + V b?—4ac 
2a 

developed from authors’ calculations, include in addition the 
bending deflection, the influence of cos? ¢, and the change in R;; 
f; referring to the compression spring and f, to the tension spring. 

As may be expected, due to the slight change of the coil 
radius R, the deflection for the compression spring is larger than 
for the tension spring for the same load and same dimensions of 
spring, as shown in the foregoing example. The writer’s formula 
for f2 gives a value which lies between those for the compression 
and tension springs, while the conventional formulas give a value 


The third and fourth values fy. 


Deflection>f 


Spring Load->P 


Fic. 1 DeEr.ection CurvEs 


which is slightly less. These values represent the deflection for 
a spring loaded to its maximum capacity. The differences, 
therefore, are maximums. This would indicate that the writer’s 
formula has a maximum error of approximately —0.18 per cent 
in case of a compression spring, while for the tension spring the 
error amounts to +0.35 per cent. These percentages decrease 
in proportion to the load. The conventional spring equation 
produces an error of —1l per cent for a compression spring, and 
—0.47 per cent for a tension spring. 

The deflection results for various loads for the example men- 
tioned show that the percentage of error in f, in reference to f; 
and f, is proportional to the load, or 


(fs” fo”) (f.” fo”) /fa” 

The deflection curves for.fi, fo, fs, and fs are shown in Fig. 1 
of this discussion, in which the curves of f;, fs, and f; are exag- 
gerated for demonstration purposes. 


R. W. Carson.* In connection with an investigation now 
being conducted to determine the hysteresis or elastic lag in 
various spring materials, specimens of the ‘‘Iso-Elastic’’ material, 
mentioned by the authors, were obtained from John Chatillon & 
Sons. The elastic lag was measured as the slow change in deflec- 
tion when test pieces were subjected to a steady bending load, 
the changes being recorded on a chart. 

Since these elastic-lag effects are small, highly sensitive meas- 
urements are necessary. Mr. Sayre’ has obtained sensitivity 

4‘‘Number of Active Coils in Helical Springs,” by R. F. Vogt, 
Trans. A.S.M.E., vol. 56, 1934, paper RP-56-4, pp. 467-476. 

5 “Stress and Deflection of Helical Springs,’’ by R. F. Vogt, Trans. 
A.S.M.E., vol. 58, 1936, paper RP-58-14, pp. 467-475. 

6 Associate Editor, Electrical Manufacturing. 

7 “Elastic and Inelastic Behavior in Spring Materials,” by M. F. 
Sayre, Trans. A.S.M.E., vol. 53, 1931, paper APM-53-8, p. 99. 
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by using very long gage lengths. The method described by the 33 
writer in this discussion is based on sensitive linear measure- $ 0.10 T T T T 
ments of beam deflections, using small specimens that can be © x 3/-1-4 163" > 
readily heat-treated and handled without introducing internal S 008 {so llastic, 
stresses. 8 a load deflection 0/08" 
Specimens for these tests were rolled from cold-drawn wire of = 0.06 Ye ont Max. ph ess 19000_ 
about in. in diameter to a rectangular cross section of 0.017 loadtime 
in. thick and 0.156 in. wide, and heat-treated at 650 F for 20 min. s 004 < | 
Strips about 4 in. long were cut from this material and loaded as 2 | 
cantilever beams, measuring deflections with an electronic 002 __ | = : 
micrometer sensitive to displacements of less than 0.00001 in. $ t | 
The measuring instrument uses electronic means for indicat- 8 0 | } 
ing point of contact between a micrometer and the specimen. © | 2 4 10 20 40 100 200 400 1000 
This principle was incorporated in a measuring device previously Recovery Time, Min.<Logarithmic Scale) ! 
described by the writer,* but the use of a new type of relay, re- e ( 
cently developed by the Westinghouse Electric & Manufacturing Fia.5 Recovery Curves or Iso-Exastic MATERIAL P 
* “Better Instrument Springs,” by R. W. Carson, Electrical Engi- Company, has resulted in increased sensitivity and reliability ‘ 
neering, vol. 53, February, 1934, pp. 282-286. needed to measure the small elastic lag in the Iso-Elastic material. 
With the redesigned equipment, permanent , 
records of ribbon deflections are made on a 
precromater paper chart that can be read to 0.000002 in. ; 


With this increased sensitivity, reliable and ac- f 
curate measurements of elastic lag are made | 


Graduated 


r on relatively small test specimens under deflec- re 
tions producing maximum fiber stresses as low 
‘ th 
as 10,000 lb per sq in., even with specimens 
- having low inherent hysteresis. th 
parker smen The measuring unit, shown in Fig. 2 of this a 
discussion, consists of a block of brass on which ot 


the micrometer is supported on an insulating 
bracket. The end of the micrometer is fitted At 
with a needle point which is brought into con- 
tact with the specimen by screwing down the 
micrometer. A large-diameter barrel on the 
micrometer, viewed through a magnifier lens 


Fig. 2. Erecrrontc MIcROMETER Fic. 3. Exectronic Micrometer With reading the micrometer, while a 
Drive Usep To Set It to Exacr Point constant tension thread drive through a gear 

OF CONTACT ON THE SPECIMEN reduction, shown in Fig. 3 of this discussion, -_ 
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The instrument automatically makes a group of records of 
ribbon position during about 1 min in each period of 6 min. 
These automatic records are obtained by the use of a small electric 
motor in the recorder which screws the micrometer down until 
contact is made. This contact. through the electronic relay 
reverses the motor, withdrawing the micrometer from contact, 
and the operation is then repeated. 

In a typical record, shown in Fig. 4 of this discussion, the re- 
corded points indicating ribbon position are connected by a 
smooth curve. To show more accurately the rapid changes in 
ribbon deflection occurring immediately after removal of load, 
the recorder is operated continuously for several minutes. 

From these records, the total recovery is measured, and the 
ratio of total recovery to load deflection determined. For stable 
conditions obtained after two or three preliminary tests, the 
creep recovery or elastic lag for the Iso-Elastic specimens used 
in these tests is from 0.04 to 0.06 per cent of the load deflection. 

Disregarding the effects measured during the first minute after 
removing the load, the recovery follows a logarithmic curve to 
final recovery, as shown in Fig. 5 of this discussion, with final 
recovery occurring in about 10 to 12 hr under the load conditions 
given on the curve. Conditions during the first minute seem to 
follow a different routine. For perhaps 20 sec after unloading 
nothing much happens. Then the spring rapidly recovers about 
one third of the creep during the first 5 min. The remainder of 
the creep follows an averaged logarithmic curve. 

The irregularities shown in the recovery portion in Fig. 4 of 
this discussion are characteristic. These irregularities are of the 
order of 10 times the sensitivity of the device, and are not in- 
strument errors, nor are they produced by vibration of the speci- 
men. All attempts to eliminate these irregularities have failed. 
At present the variations are averaged in plotting the data. 


New Laboratory Data Relative to 
Embrittlement in Steam Boilers’ 


E. P. Partrince.* The information presented by the authors, 
and by W. C. Schroeder and A. A. Berk in another paper,’ relative 
to the fundamental part played by silica in promoting embrittle- 
ment of boiler steel exceeds in importance anything that has 
been presented on the subject since the inception of the work 
at the University of Illinois.‘ In Progress Reports Nos. 4 
and 6 of the Joint Research Committee on Boiler Feedwater 
Studies,5*-? it seemed that the extensive data in those reports®* 


t? Published as paper RP-58-13, by F. G. Straub and T. A. Brad- 
bury, in the July, 1936, issue of the A.S.M.E. Transactions. 

? Director of Research, Hall Laboratories, Inc., Pittsburgh, Pa. 

*“Action of Sodium Silicate and Sodium Hydroxide at 250° C. 
on Steel Under Stress,”” by W. C. Schroeder and A. A. Berk, Ameri- 
can Institute of Mining and Metallurgical Engineers Technical Pub- 
lication No. 691, January, 1936. 

‘*Embrittlement in Boilers,” by F. G. Straub, Engineering Ex- 

periment Station Bulletin No. 216, 1930, University of Illinois, 
Urbana, Il. 
_ § “Effect of Solution Composition on the Failure of Highly 
Stressed Boiler Steel,” by W. C. Schroeder and E. P. Partridge, 
Progress Report No. 4 of the Joint Research Committee on Boiler 
Feedwater Studies and the U. S. Bureau of Mines, and presented at 
the Annual Meeting of Tae AMERICAN Society oF MECHANICAL En- 
SINEERS, held in New York, N. Y., December 3 to 7, 1934. 

*“Effect of Solution Composition on the Failure of Boiler Steel 
at 482 ° F. (250 ° C.) as Measured by Static Tension Tests,” by W. 
C. Schroeder, A. A. Berk, and E. P. Partridge, Joint Research Com- 
hittee on Boiler Feedwater Studies and the U. S. Bureau of Mines, 

gress Report No. 6, June 1, 1935. 

*The Joint Research Committee on Boiler Feedwater Studies is 
Sponsored jointly by the American Boiler Manufacturers’ Association, 
American Railway Engineering Association, American Water Works 
Association, Edison Electric Institute, the American Society for 
Testing Materials, and THe AMERICAN Society OF MECHANICAL 
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were thoroughly in contradiction with the earlier results given by 
F. G. Straub,‘ as were also the conclusions of several other in- 
vestigators, both in this country and abroad. With the dis- 
covery of the effect of silica, all of the apparently discordant 
results can now be explained. 

The writer would like to point out at this time that in spite of 
the 30 years of work on embrittlement, the important effect of 
silica would have remained unknown if an independent investi- 
gation such as the one developed under the cooperative agree- 
ment between the Joint Research Committee for Boiler Feed- 
water Studies? and the U. S. Bureau of Mines had not revealed 
the extent of our ignorance of the fundamental chemical factors 
in embrittlement. That we now have a clearer view of the 
subject is due to the the combined efforts of F. G. Straub,’ W. C. 
Schroeder,? and J. H. Walker.“ Under the direction of Mr. 
Walker, every effort was made during 1934 to discover the cause 
of the discrepancies between the results obtained at the University 
of Illinois‘ and those obtained at the Nonmetallic Minerals 
Experiment Station of U. S. Bureau of Mines maintained at 
Rutgers University, New Brunswick, N. J. Arrangements were 
made for the exchange of samples of steel, chemicals, and, if it 
seemed desirable, of test equipment. 

The writer would like to emphasize the fact that although he 
was associated with the investigation conducted at New Bruns- 
wick, N. J., from its inception until September 1, 1935, the credit 
for discovering the action of silica in producing embrittlement 
belongs only to Dr. Schroeder* and A. A. Berk,!! because the 
writer left the Bureau of Mines just prior to the work conducted 
with the sample of commercial caustic supplied by F. G. Straub. 
From the larger number of specific data given by Dr. Schroeder? 
and the confirmatory information in the authors’ paper,! it seems 
safe to conclude that the widely divergent statements in the past 
concerning embrittlement by caustic soda are now converging to 
give sounder basis for the further investigations which must be 
made. Now that we know more accurately how embrittlement 
is caused, we may be able to develop more intelligently the 

means for its prevention. 


Plunger Lift for Pumping 
Deep Wells’ 


C. M. Raper.? The writer believes that the equipment de- 
scribed by the authors is more important than it is generally con- 
sidered to be. This is particularly true in fields depleted by gas 
drives rather than by water or other drives that tend to sustain a 


ENGINEERS, to study methods of analysis and treatment of boiler 
feedwater for stationary and railroad practice. 

8 Special Research Assistant Professor in Chemical Engineering, 
University of Illinois, Urbana, III. 

® Research Chemical Engineer for the Joint Research Committee 
on Boiler Feedwater Studies, attached to Nonmetallic Minerals 
Experiment Station, U. S. Bureau of Mines, Rutgers University, New 
Brunswick, N. J. 

10 Superintendent of Central Heating, Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. Mr. Walker is chairman of a sub- 
committee of the Joint Research Committee on Boiler Feedwater 
Studies, which subcommittee is in charge of the joint investigation on 
boiler feedwater studies conducted under a cooperative agreement 
between the Joint Research Committee on Boiler Feedwater Studies 
and the U. S. Bureau of Mines, and carried out at the Nonmetallic 
Minerals Experiment Station of the Bureau of Mines at Rutgers 
University, New Brunswick, N. J. 

1 Analytical Chemist, U. S. Bureau of Mines, Rutgers University, 
New Brunswick, N. J. ' 

1 Published as paper PME-58-1, by H. W. Fletcher, in the July, 
1936, issue of the A.S.M.E. Transactions. 

? Assistant Division Superintendent, Phillips Petroleum Company, 
Oklahoma City,"Okla. 
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relatively high bottom hole pressure which results in the retaining 
of sufficient energy within the oil body for the moving of the oil 
from the sand to the well bore. 

In Oklahoma, as a rule, fields producing from the Wilcox 
horizon nearly always fail in the class of gas-drive fields. This is 
particularly true of the Oklahoma City field, to which field the 
writer’s experience with the Hughes plunger lift has been limited. 
The same holds true, however, for the Seminole field. 

Here, for various reasons including proration, large investments 
were made at an early date in rather elaborate high-pressure gas 
systems for purposes of production after natural flow had ceased. 

Naturally, once such an investment was made, it had to be uti- 
lized to the utmost which meant, to the ultimate depletion of the 
field if possible. This view, of course, contemplated the non- 
purchase of additional equipment for lifting purposes, other than 
that which used high-pressure gas as a lifting medium. In other 
words, this view called for the discarding of sucker rod pumping, 
or its equivalent. 

Before the operators could be sold on this latter idea, they had 
to be assured that whatever equipment they purchased, after gas 
lift, would carry them through to the end of production. They 
saw the advantages of the straight plunger lift, as was demon- 
strated by their numerous purchases, and felt assured that the so- 
called booster pump could and would be developed in time to 
finish the job after straight plunger-lift operations ceased to be 
economical or possible. 

It was felt certain that this period would come in most of the 
wells, for it was early demonstrated that there was no water 
drive. The work of Ben Lindsly, of the Bureau of Mines, demon- 
strated that very little gas, which, of course, is the propulsive 
force driving the oil through the sand to the well bore, would be 
available when bottom hole pressures became low. It was deter- 
mined that there would eventually remain but about 1 cu ft of 
gas per bbl of residual oil per pound of bottom hole pressure after 
this pressure was reduced below 150 lb per sq in. In addition to 
these factors, the extreme permeability of the Wilcox sand 
coupled with relatively close spacing of wells pointed the way to 
loss of production on the part of the wells equipped with a tool 
that required any back pressure whatsoever on the sand face for 
operating purposes. Worse yet, this lost production would go to 
offset wells in more or less direct proportion to the amount of 
back pressure exerted against the face of the producing sand in the 
wells in question. In other words, it was anticipated by some 
that most of the Oklahoma City wells would eventually fall in the 
classification of wells 15 and 16 referred to in Table 1 of Mr. 
Fletcher’s paper. 

When making these statements, the writer must, in all fairness, 
refer to an article? wherein is a comparison of plunger-lift well 
production with offset well production. Offset wells were pro- 
duced by beam pumping. The 1935 average for four wells oper- 
ated by plunger-lifts was 1853 bbl per month, as compared to 
1220 bbl per month for the several offset wells. However, 
several things are brought to attention by a perusal of this table :* 
First, during January, 1935, the four plunger-lift wells produced 
2505 bbl as compared to the 1674 bbl of offset production; 
whereas, in December of the same year the plunger-lift wells 
produced but 1213 bbl as against 1091 bbl for the offset wells. 
From this it is seen that the plunger-lift wells took an average de- 
cline of 51.5 per cent during the year as compared to but 34.8 
per cent for offset wells. As this decline was coincident with the 
period in the decline in bottom hole pressure that represented 
the difference between successful and relatively unsuccessful 
operation of the straight plunger lift, the writer believes that the 
beam-pumped wells will still be producing economically after the 


3 “Producing Wells tv Exhaustion by Gas-Lift,’’ by S. F. Shaw, Oil 
Weekly, vol. 81, April 6, 1936, Table 3, p. 20. 


plunger-lifted wells are abandoned. Second, the wells in ques- 
tion are located on the west edge of the field, well down struc- 
turally, and produce from a relatively tight sand not typical of the 
average Wilcox sand, but more approaching the type wells listed 
in the upper brackets of the author’s Table 1. 

The writer’s discussion so far has been given mostly for the 
benefit of those who operate in gas-drive fields only, which, as pre- 
viously stated, constitute a fairly high percentage of the opera- 
tions in Oklahoma, from a total production standpoint. The 
writer has found by experience that where other conditions are 
present, as outlined by Mr. Fletcher, a fairly large measure of 
success is assured by the plunger type of operation. There are 32 
successful installations still operating in the Oklahoma City 
field; of this number, ten are in Wilcox-sand wells, consisting of 
six 2'/;-in. wells, two 3-in. wells, and two 4-in. wells. The other 
22 installations are operating in Simpson-sand wells. Of these 
18 are in 2'/,-in. wells, three are in 3-in. wells, and one is in a 4-in. 
well. 

If the writer’s information be correct, there were originally some 
92 units purchased for the Oklahoma City field, 48 of which were 
originally installed in Wilcox-sand wells; these include 27 in 
2'/-in. wells, 13 in 3-in. wells, and 8 in 4-in. wells. There were 44 
installations originally made in lower Simpson-sand wells; these 
include 31 in 2'/,-in. wells, 8 in 3-in. wells, and 5 in 4-in. wells. 
These purchases were begun in January, 1934. 

To the best of the writer’s knowledge, some 12 Simpson-sand 
wells and but one Wilcox-sand well have been carried to abandon- 
ment with plunger-lift equipment. 

Of the 44 Simpson-sand wells originally equipped with this 
tool, 22 are still being produced in this manner, whereas but 9 of 
the 48 Wilcox-sand wells originally so equipped are being so 
produced. 

Difficulties arising from paraffin deposition have always been of 
major importance in the production of oil in the Oklahoma City 
field. A progressive study of the operation of some 26 wells, 
most of which were in the Wilcox sand, indicated an average lost 
time due to this cause of approximately 5 or 6 per cent. This is a 
relatively small factor, especially when considering the fact that 
it normally requires the time of but one man for an hour, more or 
less, to get a well back on production once the stoppage occurs. 
Furthermore, considerable advancement has been made both 
in plunger design and otherwise for the combating of this 
trouble. 

It has been noted that less paraffin trouble was experienced by 
4-in. than 3-in. installations, and less by 3-in. than 2'/,-in. ones. 
This is explained by the greater weight of the larger plungers 
allowing them to cut by or through paraffin bridges when falling 
back down the hole, and by the greater total force exerted upward 
by the larger plungers, for any given working pressure. 


TABLE 1 RESULTS OF 2!/2-IN. PLUNGER LIFT IN A TEST WELL 
IN THE OKLAHOMA CITY FIELD 
Average Average Aver- Highest Mini- 
aily daily age produc- mum 
produc- _opera- gas-cil tion, bbi gas-oil 
Date tion, bbl tion, hr ratio per day ratio 
October 27, 1935 
} 130.0 19.0 4240 204 2220 
December 9, 1935 
December 90.3 20.5 2617 167 1490 
January 23, 1936 20 
} 119.0 20.5 2000 186 26 
March 17, 1936 
08.2 19.6 2720 120 2570 


Naturally, greater production is obtained by use of the larger 
plungers for any given working pressure, or, conversely, any 
given production can be obtained by use of lower pressures in the 
larger installations. Here, however, economics of initial invest- 
ment enter, which, in conjunction with the booster-pump poss! 
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bilities, in the majority of cases, favored the purchase of the 
smaller-diameter pumps. 

Field experimentation with the booster pump began early in 
1935, and has progressed intermittently since. It must be re- 
membered that production depths run around 6500 ft, and al- 
lowables must be obtained if at all possible. Mistakes and false 
starts were inevitable where no fund of experience was available 
to direct the progress of the work. 

Several designs for a 2'/;-in. lift have been tried in a test well in 
the Oklahoma City field from time to time, with the results shown 
in Table 1 of this discussion. Down time averaged 4 hr per day, 
which was due largely to the freezing of input gas lines, together 
with a few stoppages resulting from sand and paraffin. Prior to 
the installation of the booster pump, this test well averaged ap- 
proximately 40 bbl per day on straight plunger lift, with an input 
ratio of upward of 5000 cu ft per bbl. 


Evan Just.‘ The writer can state that his experience in the 
Oklahoma City oil field corroborates the author’s statements. 
In that field, producing from a depth of 6400 ft, 4in. plunger 
lifts produce approximately 2.5 bbl per day per lb of flowing pres- 
sure, or an average of 175 bbl per day; 3-in. plunger lifts produce 
approximately 1.2 bbl per day per lb of flowing pressure, or an 
average of 109 bbl per day; and 2-in. plunger lifts produce ap- 
proximately 0.6 bbl per day per lb of flowing pressure or an aver- 
age of 37 bbl per day. Lifting costs, including depreciation, 
have been approximately one half as much as the costs of rod 
pumping, and the percentage of down time, which has averaged 7 
per cent for plunger lifts, has been approximately one third of the 
down time of rod pumps. The cost of reconditioning the wells 
per barrel of production has been approximately one tenth 
the corresponding cost for rod pumping. 

The principal cause of down time has been paraffin accumula- 
tion. The capacity of the plunger lift to operate in sandy wells 
has been comparatively remarkable. 

The low reservoir pressure and high productivity index de- 
scribed by the author were encountered in the Wilcox zone of 
Oklahoma city. Where flowing pressures declined below 60 lb 
per sq in. the 4-in. plunger lift could not compete with the rod 
pumps. 


AutHor’s CLOSURE 


Mr. Rader’s comments regarding the importance of the booster 
pump, in areas where porous strata are depleted to low end pres- 
sures, are much to the point. It is unfortunate that the necessity 
of maintaining allowables, and the delays in securing the neces- 
sary equipment required to make such changes as were indicated, 
30 prolonged the experimental period that the device was not 
yet in commercial form at the time press had declined to 
such a value as would require its use. While Me unit is necessarily 
more complicated than the straight plunger lift (the chief draw- 
back being the use of a “macaroni string” laced to the working 
string and supported at the proper igtervals for furnishing the 
gas supply) there has been comparatively little mechanical trouble 
and the operating unit has been removed and replaced in about 
three hours without disturbing the pipe. Work is still in progress 
along these lines and gives fair promise of an ultimately satis- 
factory conclusion. 

The figures presented by Mr. Just, comparing as they do the 
performance of a number of units operating under commercial 
conditions, are interesting. The sharp reduction of down time 
and the even greater lowering of maintenance costs justifies the 
original conclusion that the use of this equipment would result 
iN an appreciable reduction of lifting costs. 


‘ Petroleum Engineer, The Carter Oil Company, Seminole, Okla. 
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The Influence of Cutting Fluids on 
Tool Life in Turning Steel’ 


Artruur H. Apams.? This paper, which is a progress report 
of the Subcommittee on Cutting Fluids of the A.S.M.E. Special 
Research Committee on the Cutting of Metal, is an important 
step toward the solution of the cutting-fluid problem, and it is 
to be hoped that the committee will be able to continue its im- 
portant work. The writer believes that some day there will be 
developed new and startling cutting fluids based on an unortho- 
dox hypothesis as to their action, and he is of the opinion that this 
report contains justification for this belief. This moves the writer 
to make the criticism that the report stops blandly after the pres- 
entation of certain facts which seem to demand interpretation, 
and to present by the Socratic method an unorthodox hypothesis 
which will interpret some of the main points of the paper. These 
questions and answers are as follows: 

Question 1: What is the main function of a cutting fluid? 
Answer: To lubricate the most difficult of bearings, that is, 
bearings between the tool and the work, and between the tool 
and the chip in metal-cutting operations. 

Question 2: Is not the heat-removing function very impor- 
tant? Answer: It is probably secondary to lubrication. 

Question 3: How is the answer to question 2 justified? 
Answer: First, by a process of reasoning that, accepting just 
one assumption, justifies it rigorously. Second, by the way this 
hypothesis, in which lubrication is the main mechanism, seems to 
explain otherwise uncoordinated data. 

The process of reasoning mentioned in the foregoing answer is 
developed as follows: 

Question 4: How does a tool finally fail? Answer: By 
becoming so dull (worn) that the thereby increased friction de- 
velops heat fast enough to overheat the tool, particularly the 
edge, and causes it to lose temper. 

Question 5: How can a cutting fluid postpone such failure? 
Answer: First, it can reduce the rate at which power is used 
in friction by getting on the tool surfaces and doing something 
we will have to term “lubrication” although it is so imperfect 
that it bears little resemblance to ordinary lubrication. At any 
given stage of tool wear a slightly lessened friction, due even to 
most imperfect lubrication, yields a double benefit: It reduces 
both the next increment of wear and the heat generated. With 
even very imperfect lubrication it takes a duller tool to generate 
as much heat as without it. Second, a cutting fluid carries 
away heat and delays the tool in reaching temperatures that 
cause that loss of temper. 

Question 6: Is it not tenable that, by mere carrying away of 
heat, a cutting fluid can reduce friction and wear? 

Answer: So far as the writer knows, data are lacking on the 
coefficient of friction between hard tool steel and mild steel, 
under conditions resembling those of dry cutting tools. There- 
fore, it is possible that under these conditions the coefficient of 
friction may be found to rise with temperature; in that case cool- 
ing would reduce friction. The most nearly applicable data 
found are on the brakes of railroad cars. Here the coefficient of 
friction drops very markedly as the brake application is pro- 
longed and as the brakes get hot. The tool frictions in metal 
cutting within the range below incipient temper loss have, 
therefore, been assumed not to rise as temperature rises. 
This important assumption should be checked by special test. 
If the assumption is seriously wrong the cooling action of the 

cutting fluid may be more important than the writer believes. 


1 Published as paper RP-58-11 O. W. Boston, W. W. Gilbert, and 
C. E. Kraus, in the July, 1936, issue of the A.S.M.E. Transactions. 
? Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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The evidence, however, of practically all speed tool-life data is 
not in conflict with the assumption. 

Question 7: Making that assumption, what must be the 
effect on tool life of mere cooling? 

Answer: There are two conditions to discuss: (a) The tool 
is still in such good shape and the speed is such that heat is not 
generated fast enough to injure the temper even if there were 
no cooling. While this condition lasts mere cooling is doing 
nothing toward postponing failure. (b) As soon as the tool is 
more worn, or if the speed be high enough so that, in the ab- 
sence of cooling, the temper would be threatened, mere cooling 
would only then begin to postpone failure. 

Let us see about how important this postponement is. Based 
on the previously mentioned assumption, the rate of wear is not 
reduced by mere cooling. Therefore, the duller the tool becomes 
the more power goes into wear (and heat) and the dulling of the 
tool is accelerated. The life of a tool cooled N deg at failure will 
be the same as the life of an equivalent uncooled tool of same 
shape and wear resistance, but of some steel able to stand a tem- 
perature N deg higher. Thus the gain by cooling is not cumula- 
tive. The gain is that the maximum dullness the tool will stand 
is increased a little. This is a definite tool-life gain but not a big 
one. Once a cooled tool is as dull as it can get and still safely 
run uncooled, it will not take long for it to get as dull as it can 
possibly run with cooling. 

Question 8: If we meagerly lubricate the working area of 
the tool what are the gains? 

Answer: Reduction in coefficient of friction. This propor- 
tionately reduces both the power lost in friction (tool wear) 
and the heat generated. Starting with a given tool condition, 
mere cooling made no reduction in the next increment of wear. 
Even meager lubrication makes a reduction in the next increment 
of wear. And another gain in the next, and the next. Cumula- 
tive gains! A slight decrease in the rate of wear for given tool 
conditions makes a big gain in tool life. Moreover, heat gen- 
eration is reduced as much as wear; hence, tool temperature will 
be lower for a given condition of the tool. This fact alone yields 
much the same noncumulative life extension toward the end of 
tool life as mere cooling does. 

Question 9: If lubrication is the thing, why do we not get better 
results when proven high-grade lubricants are tried as cutting 
fluids? 

Answer: Because the “bearings’’ are so peculiar. No matter 
how good a cup grease you select it will not loosen rusted-in bolts. 
The cutting lubricant must, in all common sense, be chosen first 
for ability to penetrate the tool-chip bearing quickly. This bear- 
ing has no low-pressure oil entrance. The only oil grooves it has 
are first the cracks in the chip, which streams swiftly back over 
the tool, and second, the hard-packed metal particles constituting 
the so-called ‘false nose’’ on the tool point. No good lubricating 
oil could enter these oil grooves before they leave the tool. Yet 
that is essential. 

Question 10: What properties of a cutting lubricant, then, 
tend to make it penetrate the tool-chip bearing quickly? 

Answer: Low interfacial tension on the metal to be cut and 
low viscosity are both indispensable. These vary so in relative 
value from job to job that neither can be set first. Perhaps at- 
tention to getting the utmost in low interfacial tension (rapid 
wetting power) on the work (also on the tool, if not incompatible) 
will yield bigger dividends than trying for the utmost in low 
viscosity. 

The properties of a good cutting lubricant, according to this 
hypothesis, must be varied to suit the job. This agrees with prac- 
tice and explains why it has been so hard to get coordination of 
cutting-fluid data. If the hypothesis be true, the size and shape 
of the cutting tool, the depth and width of the chip, the pressure 


of the chip on the tool, the hardness of the metal, its toughness or 
brittleness, the affinity or spreading speed of the lubricant, the 
cutting speeds used, and many other factors all seriously affect 
the properties a good cutting lubricant needs. Metal that cuts 
short, i.e., with easily broken chips having good sized fissures, 
does not need a fluid of as low viscosity as more malleable metal. 
The higher the cutting speed the swifter must be the penetrating 
action of the fluid to reach the tool at all. 

Question 11: If such swift penetration be required for tough 
metals and for high speeds, how can a liquid of the requisite 
fluidity be of any use when it does get near the tool point? 

Answer: Anything at all on the tool at the pressure points, 
even water, is vastly better than a splendid high-pressure lubri- 
cant on the outside only. This is the reason why conclusion 9 
of the report shows water, and borax water the best of all, for the 
top speeds, 

The case of mineral oil before and after treating with Oildag, 
as presented in the paper, should be discussed. A corollary of the 
penetration-lubrication hypothesis, formulated many years ago 
by the writer, is that some day a suitable low-viscosity, high-flash- 
point liquid, of high wetting power for metals may be discovered 
and be made to carry some dispersed solid having, like colloidal 
graphite, an affinity for steel. By this means the swiftest pene- 
tration could be combined with the highest pressure-resisting 
lubrication. Such a thin fluid would not itself lubricate much, 
but it would be the penetrant carrier to insure constant rebuilding 
on the tool of a wear-resisting surface. Such a combination 
might be a universal cutting fluid. Years ago the writer experi- 
mented briefly with kerosene and Oildag in these réles, with just 
enough success to become convinced of the correctness of the 
thought and of the incorrectness of kerosene in that rdéle. 

Professor Boston’s light mineral oil with Oildag renews the 
writer’s enthusiasm for exploration in this territory. Consider 
the curves M and M-20 of Fig. 10 of the paper. This oil is little 
better than nothing. We add 0.15 per cent of colloidal graphite 
and it becomes better than all other fluids tried. Quite remark- 
able results for so slight a change in the oil itself. 

Let us see if the hypothesis can give an answer to this. ‘This 
neutral oil, without fatty acid, is certainly not as vigorous a wet- 
tant for steel as the sulphurized-base oils. Very light, as oils go, 
it still has a viscosity of a different order from water and the 
aqueous fluids. It is then inferior in both of those properties 
found indispensable by the hypothesis. Note, however, that it is 
a little better than nothing. One therefore asks what effect did 
the addition of a trifling amount of Oildag have? It cannot be 
argued that the heat-removing properties were enhanced by its 
addition. 

Let us suppose this oil, which is better than nothing, does pene- 
trate in minute amounts. Possibly traces, clinging on the hot 
tool next to the chip, become fluid enough to be drawn swiftly 
into the chip fissures. These traces, when carrying graphite, de- 
posit it sparsely on the tool. This brings about a new effect. 
It is well known that the wetting power of oil for a graphitized 
surface is very high. Our oil has suddenly become a vigorous 
wettant for the tool. This partially overcomes its handicap of 
having a rather too high viscosity. It gets in, at least in suff- 
cient quantities to maintain a fair film of graphite despite the 
pressure, particularly at all the lower speeds. The handicap of 
excessive velocity is still there. The M-20 curve approaches the 
M curve at the higher speeds. . 

Suggestion is often better than elaboration. There are a hun- 
dred almost equally interesting discussions possible of the data 
in this one report. Do they not indicate a new field of research 
which will include the following items? 

(a) Measurement of heat generated (or of power input) with 
different fluids, and determination of whether the better cutting 
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fluid does not invariably generate less heat. 
crucial experiment for the hypothesis. 

(b) Viscosity-temperature data to be determined for all fluids, 
and wetting-power research for all on different metals. 

(c) More exhaustive speed-tool-life studies, all interpretable 
by the light of the penetration-lubrication hypothesis. 

(d) The job of modifying and refining the hypothesis and re- 
ducing to mathematical expression. 

(e) In the end, perhaps, development of that ideal cutting 
fluid, or of a series of them for different metals. 


This should be a 


Hans Ernst.’ The tests reported in this paper are of especial 
interest in that they call attention indirectly to the two principal 
functions of a cutting fluid, namely, cooling and lubrication. 
These two functions are independent, and are not here named in 
the order of their importance; either may assume the paramount 
réle under certain cutting conditions. Both are important from 
the standpoint of chip formation. The built-up edge which pre- 
cedes the nose of the cutting tool largely determines the finish of 
the work and the tool wear. The magnitude of this built-up 
edge depends largely on the lubrication of the tool face and the 
structure of the metal immediately ahead of the tool; the 
plasticity of this material is affected by the coolant. 

The independence of these functions, and their varying relative 
importance, is particularly emphasized by the results of the tests 
on colloidal graphite. In the equation V7" = C, a marked re- 
duction in the exponent n is shown with increasing additions of 
graphite to the soluble oil, and a still greater reduction by similar 
additions to the mineral-oil carrier; there is also, in each case, a 
small reduction in the constant C. As shown by the authors, this 
combination effects a counterclockwise rotation of the tool-life 
cutting-speed curve about a point corresponding to a relatively 
low tool life, thus indicating a marked increase in the tool life, 
for the lower cutting speeds, and a small reduction in tool life for 
the higher cutting speeds. 

But an increase in the percentage of graphite content, and again 
a change from a soluble-oil carrier to a mineral-oil carrier, un- 
doubtedly increases the lubricating value of the fluid, particu- 
larly where conditions of boundary lubrication are encountered. 
Thus, it appears that the lubricating function of the cutting 
fluid is of prime importance at the lower cutting speeds. 

On the other hand, at the highest cutting speeds, this increase 
in lubricating value apparently causes a decrease in tool life. 
This seeming anomaly may perhaps be explained by the fact that, 
in general, an increase in the lubricating value (as by changing 
from the soluble-oil to the mineral-oil carrier) is accompanied by 
a reduction in the specific heat, with a corresponding reduction in 
the cooling effect. Thus, at the highest cutting speeds, the re- 
duction in cooling effect overshadows the improvement due to 
better lubrication. As the authors have mentioned, the thermal 
conductivity or the ability of the fluid to carry off heat, is not 
necessarily a direct function of the specific heat. 

Further evidence for this is given by the curve for the borax- 
water solution, that is, curve WB in Fig. 5 of the paper. Here 
the lubricating value is obviously very small, yet the constant C 
is higher than that of any of the other cutting fluids in this series 
of tests. This is probably due to its high value as a coolant. 

From the foregoing it appears evident that the ideal cutting 
fluid is one which combines to the fullest extent high cooling 
effect and high lubricating value (under the conditions of tem- 
perature and pressure which exist at the nose of the cutting tool); 
it is for this reason that improvement is generally obtained by the 
use of sulphur or some other substance which gives the cutting 
fluid the characteristics of an extreme-pressure lubricant. As 


_ * Research Engineer, Cincinnati Milling Machine Company, Cin- 
cinati, Ohio. Mem. A.S.M.E. 
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these two properties are largely opposed to each other in commer- 
cial cutting fluids, some cooling effect must usually be sacrificed 
at the lower cutting speeds in order to obtain the maximum lubri- 
cating value; and conversely, some lubricating value must be 
sacrificed at the higher cutting speeds in order to obtain the maxi- 
mum cooling effect. 


RayMonp SzymanowiTz.* The authors’ formula for the 
cutting-speed tool-life relationship, V7” = C, has an economic 
as well as a mathematical meaning. The exponent n, as was 
pointed out, is affected by the cutting fluid used, other conditions 
remaining constant. This exponent which is a mathematical 
symbol for the rate of change of cutting-speed with tool-life, is 
shown to decrease appreciably when using colloidal graphite in 
plain mineral oil as the cutting fluid. From an economic stand- 
point, this means that the manufacturers’ present equipment 
can be speeded up to meet seasonal or emergency demands with 
less toel trouble. 

While discussing the economic phase of the subject, the writer 
would like to point out that the addition of colloidal graphite to 
plain mineral oil yields an increase in production of 25 per cent, 
at an increase in cost of only 3.9 per cent. To the person who 
would like to make some practical use of this research report, 
these figures seem to be the crux of the matter. These figures 
have been arrived at in a manner similar to those given in the 
paper. 

For a constant tool life of 300 min as seen from Fig. 10 of the 
paper, the cutting speed for the plain mineral oil is 77 fpm; 
for the sulphurized oil it is 86 fpm; and for the mineral oil plus 
colloidal graphite (M-2-0) it is 96 fpm. The increase in speed 
or production for the sulphurized oil over the plain mineral oil is 
approximately 12 per cent, and for the mineral oil plus colloidal 
graphite over the plain oil it is 25 per cent. The mineral oil 
plus the necessary colloidal graphite (0.153 per cent colloidal 
graphite by weight) costs 35 cents. Assuming, as was done in the 
paper, the use of these oils on an automatic screw machine in 
which 1 gal of cutting fluid is added per hour, we have the values 
given in Table 1. The prices given in this table have been 
selected for comparison only and are subject to revision de- 
pending on quantity purchases. 


TABLE 1 COMPARATIVE COSTS OF COLLOIDAL GRAPHITE, 
PLAIN OIL, AND sees iy WHEN USED AS CUTTING 


Type of Oil - 
Mineral plus 
Sulphur- colloidal 
Plain ized graphite 
Total cost, material and grinding... 0.20 0.20 0.20 
Machine overhead................ 4.00 4.00 4.00 
Cutting-fluid cost, plain oil......... 0.16 0.24 0.16 
Colloidal graphite................ 0.19 
Increased cost over that of plain oil.. jan $0.08 $0.19 
Increased cost over that of plain oil, 
Increased production over that of 
plain oil, per cent. 12.00 25.00 


The authors have indicated that they obtained better results 
with colloidal graphite in oil than when the graphite was sus- 
pended in water. The writer, however, would like to cite a very 
favorable report® on the use of colloidal graphite in water as a 
cutting lubricant which appeared in 1910. In this report it is 
said that colloidal graphite in water used as a cooling lubricant 
for die cutting of pipe threads enables the same to be done with 
one passage of the die instead of two, which was the custom 


4 Technical Director, Acheson Colloids Corporation, Port Huron, 
Mich. 

5 “‘Aquadag as a Lubricant,” Chemical and Metallurgical Engineer- 
ing, vol. 8, 1910, p. 293. 
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when using lard oil on this particular job. Furthermore, the 
threads cut with the colloidal graphite in water were shown to 
be cleaner and sharper. 

This article® also reports that in a lathe operation comprising 
the cutting off of a large number of cold-rolled steel rods of 1 in. 
diameter, the number of cuts the tool made with one sharpening 
were 60 when using ordinary soap eompound, whereas when 
using colloidal graphite in water the same tool made 980 cuts 
with only a single sharpening. 

This article’ and several instances on record have shown that 
there are times when colloidal graphite in water does a remark- 
ably good job in increasing quality and production. 

It might be well to emphasize the fact that colloidal electric- 
furnace graphite is abrasive-free, inert chemically, and of a 
particle size that makes it, for all practical purposes, the equiva- 
lent of a substance in true solution. Being inert it does not 
promote corrosion, nor is it altered by those influences which 
affect less stable substances. It would seem that colloidal graph- 
ite possesses many possibilities in the cutting-fluid field and 
that a wider practical use of the same in this connection is worthy 
of serious consideration. 


E. M. Barser.® The writer believes that questions relating 
to the application of cutting fluids can be most advantageously 
answered and our knowledge of cutting-fluid performance de- 
veloped into a practical basis for cutting-fluid specifications that 
will be of general practical value only through a program in- 
volving the following two fundamental steps: (1) Discovery 
and at least qualitative proof of the mechanism of cutting-fluid 
action; and (2) correlation of the case histories of individual tests 
in the light of this mechanism. 

If this sort of a program is not carried out our knowledge of 
the performance of cutting fluids must remain that of a series 
of unrelated case histories. Thus, for example, we may learn 
that some particular cutting fluid is more efficacious than any 
other that we have tried when it is used on some particular job, 
but we do not know that it will be equally good on some other 
job. As a matter of fact, we strongly suspect that it will not, 
and the authors’ tests with a constant area of cut but using a 
thick shallow chip and a thin deep cut confirm this suspicion. 
Even with this slight change, the order of rating of the oils was 
revised. 

We must learn in a more general way, first, what are the proper- 
ties of a good cutting fluid that make it a good cutting fluid and, 
second, to what extent are these properties desirable in cutting 
fluids for different applications? 

The Texas Company has recently instigated a program of cut- 
ting-oil research, one phase of which involves the measurement 
of surface finish as a function of the cutting fluid and the cutting 
conditions. For the time being a lead abrasive method has been 
selected for the measurement of surface finish. 

During the progress of this research a number of experiments 
have been performed to investigate various ideas of the action of 
a cutting fluid and the mechanism by which it functions. Fol- 
lowing are a few selected examples of these tests. 

1 It was suggested that the cutting fluid influences the finish 
of the work by controlling the friction and the back pressures 
between the chip and the tool, and that this hypothesis may be 
tested by experiments in which the friction on the top of the 
tool is deliberately increased and decreased over a considerable 
range. 

To obtain variations in the friction between the chip and the 
tool, the rake of the tool was ground transverse to the length 
of the tool with wheels of varying grit. In preparing these tools 
the grinding wheel was not allowed to touch the cutting edge 


6 The Texas Company, New York, N. Y. 


of the tool but was used merely to change the finish on the rake 
surface across which the chip must slide. 

It was found that the friction between the chip and the tool 
had a very decided effect on surface finish; the higher the fric- 
tion (rougher the rake surface) the rougher the surface of the 
finished work. A similar result was obtained when the chip 
clearance was restricted so that the chip could not flow freely 
away from the work. 

2 It was also suggested that the cutting fluid reaches its 
position between the chip and the tool by flowing into a tiny 
crack that precedes the point of the tool. Thus, in addition to its 
ability to provide effective lubrication under extreme conditions 
of pressure and temperature, the oil must be able to penetrate 
well enough to get into a position to do its lubrication. It is 
believed that the penetrating ability of the oil is merely a matter 
of viscous flow into the crack under the pressure caused by the 
vacuum that is created when the work is fractured. 

Thus, a curve of surface finish versus cutting speed would be 
expected to show a rather sudden deterioration in surface finish 
when the cutting speed becomes so high that the fluid is too vis- 
cous to flow into the crack fast enough to provide effective lubri- 
cation. This has been checked by running curves of surface 
finish versus cutting speed with oils of different viscosities. As 
the result it was found that for an oil of given viscosity there is a 
speed (feed, speed, material, and all other factors remaining con- 
stant) above which the oil no longer provides lubrication and that 
this speed varies directly as the fluidity of the cutting oil. 

3 Another point that seems to follow from this conception of 
cutting-fluid action is that, all other conditions remaining con- 
stant, any one cutting fluid will maintain its effectiveness to a 
higher speed the narrower the cut. This occurred by virtue of 
the reduced length of the crack into which the fluid must flow in 
order to get between the chip and the tool. Tests were run to 
check this point and it was found that a given cutting fluid re- 
tained its effectiveness to a higher cutting speed with the narrow 
cut than with the wide cut. 

There are many other factors concerned with thé action of cut- 
ting fluids that have been or are under investigation as a part of 
our program; among the most important of these are the deter- 
mination of that property by virtue of which a cutting fluid pro- 
vides effective lubrication between the chip and the tool, and the 
reasons for variations in the effectiveness of different cutting 
fluids when used in different cutting processes. 

It is interesting to note that many of the differences in tool life 
reported in the paper which cannot be accounted for by ordinary 
differences in the coolant action are explicable in terms of the 
foregoing conception of cutting-fluid action. 

As one who is interested in experiments of the same sort as those 
outlined in this paper, the writer would like to ask the following 
questions: 

1 What is the accuracy and reproducibility of the results? 
That is, how great were the variations in the 10 to 15 observations 
that were made on each point? 

2 Were tool temperature measurements made concurrently 
with these tests? If so, was any correlation observed between 
cutting temperatures and tool life? 

3 How was the sudden breakdown of the tool detected? 


M. E. Laneg.? Much laboratory work has been done in the 
machine field which deals with phases of metal cutting that are 
far removed from conditions actually encountered in metal-work- 
ing shops. For instance, deep cuts are taken from test logs with 
heavy feeds, a condition found primarily when machining exceed- 
ingly large forged shafts. However, by far the largest number of 

7 Engineer, Warner and Swasey Company, Cleveland, Ohio. 
Mem. A.S.M.E. 
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hours in industry are spent in finishing forgings or bars which are 
but little larger than the dimensions of the finished work. 

Two conditions are generally encountered in production shops 
when taking roughing cuts. First, the chip generally is hardly 
more than from '/,to'/,in. deep. Second, scale is generally being 
cut at some part of the cuttingedge. When cutting “black” steel 
with carbide tools for instance, the conditions of wear of the cut- 
ting edge are quite different from those found when cuts are 
taken on test logs without scale. This is true with tools of 
high-speed steel as well, although the difference is not quite as 
pronounced. 

It would seem, therefore, in the first place, that tests for rough- 
ing cuts, to be of practical value to the major part of the metal- 
cutting industry, should be within the range of depths of cut men- 
tioned by the writer and with such feeds as are practical on the 
average job. Second, it would be highly desirable to take all 
cuts on the outer or “black” surface of forgings or bar stock, or on 
the unmachined surfaces of castings so that true manufacturing 
conditions are being simulated. It would, of course, be expensive 
to use such material for test purposes only. However, by taking 
such test cuts on work which is borrowed for the purpose from 
regular production shops, it should be possible to approach true 
shop conditions without excessive material costs. In doing such 
work, either bar stock or forged units could be roughed out to 
within '/sq in. of final size to be refinished and sized by the 
owner after the material has been returned from the laboratory. 
Thus, there would be a reduction in manufacturing cost to the 
owner of such material which might make up in part at least for 
the added expense of handling and shipping. 

The authors have confined their work, as reported in the paper, 
to speeds and feeds on the practical side, and therefore their find- 
ings should be a valuable and usable contribution to the art of 
metal cutting. It would have rendered their findings even more 
valuable if they had also confined themselves to the cutting of 
“black” stock. Perhaps this suggestion will help to keep future 
work of this nature on such a practical basis. 

According to the authors’ findings it would seem as if colloidal 
graphite could find a definite field of usefulness in the art of metal 
cutting. It is hoped that the oil companies will take this lead and 
will prove to the industry whether or not the added expense will 
be warranted. The authors point out that a more expensive 
fluid will readily pay for itself. Could Professor Boston show 
how the added expense of Oildag would be justified in a similar 
comparison? 

The question of machine-tool lubrication is a vital one, and even 
though plain water might be the best cutting fluid under certain 
conditions, the damage done to the high-priced machine tool 
through corrosion and lack of lubrication would prohibit its use. 
The authors state that the superior soluble oil may at times not 
be used because it does not permit of adequate lubrication of an 
expensive machine tool. Would the addition of Oildag overcome 
this drawback? It would be of value to run wear tests simulating 
machine-tool conditions to determine the lubricating value of 
colloidal graphite in soluble oils. 

A further question requiring an answer is whether the addition 
of colloidal graphite might not affect favorably the cutting of 
threads with taps and die heads where at present the heavy sul- 
Phurized-base oils are considered as being superior. 

It would be helpful if there could be added below Table 3 a 
statement explaining such symbols as A-1-A or A-4-O. 


0. L. Maaa.® It is apparent from the data submitted in the 
paper that the cutting-fluid problem is more complex than one 
would think without intensive study. The fact that so many dif- 


8 Lubrication Engineer, The Timken Roller Bearing Company, 
Canton, Ohio. 
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ferent fluids are used on the same type of product indicates that 

the type of cutting fluid to be used depends on such items as 
quantity and quality of work desired. The authors have summed 
the problem up quite well when they say: “Real economy lies in 
the selection of that cutting fluid which will do the job producing 
the best quality, the greatest production or both.” 

Depending on whether a roughing job is being done or whether 
a close tolerance and good finish is desired, one fluid will show up 
better than another. As intimated, the type of steel also has an 
effect, and the writer believes that data on 4615, 52100, and 3312 
S.A.E. steels should have been given in addition to the data on 
2345 and 3140 S.A.E. steels, since they are largely used for such 
units as bearings and gears. Also, to cover the subject more com- 
pletely, data on different tool steels should be developed. Like- 
wise, it would be interesting to know the heat-treatment each of 
the steels machined received, since this factor will have much to 
do with the tool life, as well as the type of coolant used. 

The writer’s experience indicates that for close tolerances and 
good finish, oils are more desirable than water solutions. With 
oils there is no difficulty of sticking slides, the machines are kept 
tighter, and they run smoother and freerthan when water prepa- 
rations are used. Naturally, you do not obtain as much cool- 
ing as with water; however, this can be materially helped by the 
use of artificial cooling. It would be desirable if the authors could 
present data on the benefit of artificial cooling, holding the fluids 
to a definite temperature of approximately 80 F. 

Data might well be made available on the film strengths of the 
compounded lubricants, since a number of companies are already 
standardizing their sulphurized and chlorinated cutting lubricants 
by checking them for film strength and holding this property to 
a definite figure. It is conceded quite generally that the good 
properties of this type of cutting fluid depend on its film strength, 
which may be determined on the Timken lubricant-testing 
apparatus. 

Since straight chlorinated compounds of definite chemical strue- 
ture are entering the cutting-oil field, it would be valuable to have 
data on such compounds as chlororetene, chloronaphthalene, 
chlorodiphenyl, and hexachlorethane. 

The data given on colloidal graphite are quite interesting. 
Further, it is likely that they could be duplicated with other sub- 
stances such as molybdenum sulphide, if there were a practical way 
of holding them in suspension. In plants where large amounts 
of cutting fluids are used, methods of reclaiming and reusing the 
coolants must be used for economic reasons. In service, oxidation 
products and acids are developed which tend to throw colloidal 
compounds out of balance, with the result that on settling or cen- 
trifuging, graphite and similar substances are separated from the 
cutting fluid. It is likely for this reason that such combinations 
have not worked out practically. The fact that the authors ob- 
tained only 3 per cent settling of graphite after the mineral oil 
and graphite had stood for three weeks can likely be accounted for 
by the absence of any petroleum acidity. If the oil had been used 
long enough to develop oxidation products as well as petroleum 
acidity before standing, the settling out would very likely have 
been much higher. 

The writer believes that data such as obtained by the authors 
are quite valuable, and more should be obtained, so we may have 
a broader general knowledge of cutting and cooling compounds. 
However, due to such factors as individual operating conditions 
and local operating requirements, modification of any specific 
practice will frequently be found necessary. 


B. E. Fiemina.? The tests covered in the paper are confined 
as far as the writer can observe, to cutting operations with a 
straight turning tool, which might be comparable to a box-milling 


® Lubrication Engineer, Shell Petroleum Corp., Milwaukee, Wis. 


| 
| 
it 
of 
| 
a 
of 
in 
to 
| 
it- 
of 
| 
he 
ng 
ry 
he 
ose | 
ing | 
ons 
tly 
een 
the 
are 
ork- | 
vith 
eed- 
or of 
yhio. 


348 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


or cut-off job. It is known that this type of work comprises only 
a small percentage of automatic screw-machine, turret-lathe, and 
hand screw-machine work. The writer tried colloidal graphite 
on a Landis tangential die when cutting standard threads on 
wrought-iron pipe. The results were not as satisfactory from 
the standpoint of tool life or quality of thread as those obtained 
when using a blend of 15 per cent lard oil with 2 per cent added 
sulphur and mineral oil, which had a viscosity of 200 sec at 100 F. 

The writer is obtaining excellent results with 1°/, per cent 
added sulphur to paraffinific oil of 150 sec viscosity at 100 F when 
this oil is used on general automatic screw-machine work cutting 
alloys of the following 8.A.E. series: S.A.E. 3100 with .15 to .45 
per cent carbon, S.A.E. 2300 with .15 to .45 per cent carbon, and 
S.A.E. 4100 and 4600 with .30 to .50 per cent carbon. ‘The sul- 
phur was added to the oil at a temperature high enough to keep it 
in suspension, but low enough to prevent discoloration. The 
finish blend is very agreeable to handle, it has no ill effects on the 
machine parts, and is hygienically ideal. This blend, will of 
course, discolor parts containing 30 per cent or more of copper. 
The writer finds that this blend has a decided advantage in that 
it facilitates inspection of the work during and after machining. 
It drains readily from the work and chips, thus favorably offecting 
oil consumption. However, such a material is not suitable for 
most broaching (draw), tough reaming, or thread chasing on soft 
tough metals. It seems that on such operations additional oili- 
ness of the fixed oils is needed. Perhaps the authors can give 
reasons for this fact. 

The writer would like to comment on the cost of the colloidal 
graphite used by the authors in their tests. Ordinary mined 
graphite is not suitable for use with cutting fluids. Is this not 
correct? The cost of good colloidal graphite is almost prohibitive 
when considered as a general cutting-oil compound in the shops 
where the writer isemployed. The results would have to be very 
outstanding to warrant its consideration on even some of the 
most bothersome operations. From a practical point of view, 
most shops prefer to use the least possible number of cutting-oil 
blends, and some shops sacrifice on some operations in order to 
standardize and simplify cutting-oil requirements. This being 
the case it would be difficult to introduce special oils for some of 
the operations because it would be too expensive to use as a 
general cutting fluid. 

The writer would also question the practicability of the colloidal 
graphite from the point of view of its performance in chip cen- 
trifuges and other reclamation devices. Judging by the behavior 
of such a blend during other experiments, it would seem that a 
great loss of the graphite constituent would occur during the re- 
claiming operations. This being true, the cost would be still 
further increased, and the concentration of the blend would be 
more or less questionable as more or less reclaimed oil was re- 
turned to service in the machines. 

In machining alloy steels, the writer’s attention has been at- 
tracted many times by the importance of the physical character- 
istics of the metal. It is of course true that cutting oils and cool- 
ants play a part that is too important to be overlooked in ob- 
taining suitable tool life and finish; the condition of the metal is 
also a factor which must be considered if good ultimate results are 
to be obtained. The writer is of the opinion that there is some 
relation between the physical and chemical characteristics of the 
coolant or lubricant, and that to produce good cutting results the 
chemical and physical characteristics of the steel being machined 
must be considered. Heat-treatment to produce the proper grain 
structure, density, and suitable hardness of the steel being cut 
very probably has a definite effect upon its machinability. 

The writer would be interested in learning of any tests of which 
the authors have knowledge which indicate the machinability of 
some alloys after heat-treatment. He would also be interested in 


what effect grain structure and physical condition of the steel have 
on its machinability and on the selection of the cutting fluid. 


Maurice Reswick.'® We in the oil industry, are deeply in- 
terested in the investigations of the A.S.M.E. Special Research 
Committee on Cutting Fluids. It helps us to visualize what the 
requirements of the industry are and points out the direction in 
which development of new products should be carried on. 

From a practical standpoint, tool life is the most important 
factor in metal cutting. The failure of one tool on an automatic 
lathe results in delays which render ineffective the other tools on 
the same machine although they may still be in good cutting con- 
dition. Data on tool life versus cutting speed is therefore the 
most practical evaluation of cutting fluids. 

The effect of colloidal graphite in cutting oils is of considerable 
significance. It appears that the introduction of solid particles of 
minute size in a mineral oil contributes to longer tool life and 
makes possible higher cutting speeds. Further investigations 
may disclose that other materials than graphite will give similar 
results provided such materials can be maintained in the oil in a 
condition approaching a colloidal suspension. 

The presence of the solid particles in the colloidal suspension 
probably prevents metal-to-metal contact between the chip and 
the tool, acting as an antiweld medium. In other words, when 
the oil film breaks down under the pressure of the chip, the solid 
particles perform the function of preventing intimate contact. 

The present tendency is toward transparent cutting oils, which 
facilitate inspection of the work while it is in the machine. 
Graphite has the disadvantage of rendering the cutting oil black 
in color and opaque. 

Cutting oils compounded with animal fats and impregnated 
with sulphur are more chemically active than straight mineral 
oils. During continuous service and recirculation, it is possible 
that certain changes take place in the composition of the oil 
through the formation of iron soaps by interaction with the fats, 
and iron sulphides by interaction with sulphur. This brings up 
the question whether or not used cutting oils are more effective 
than fresh cutting oils. 

Perhaps Professor Boston and his associates could give us some 
data at some future date on tool-life tests using an oil as received 
from the refinery and also on the same oil after it has been in ser- 
vice in regular production work for a reasonable period of time. 


Avtuors’ CLOSURE 


Many questions have been asked relating to the use or selection 
of cutting fluids. Some of these questions have reference to the 
practical application, while others suggest problems of research 
from which knowledge may be gained on the theory of cooling 
and lubrication. These questions are so extensive that a short 
supplementary bibliography on cutting fluids is appended to 
this closure for reference. 

Mr. Adams presents a very interesting discussion relating 
to the functions of cutting fluids. From many experiments, as 
conducted by the authors, to determine whether a cutting fluid 
acts better as a coolant or lubricant, it is felt that cooling is of 
more importance than lubrication in the average metal-cutting 
operation, particularly in turning. In cutting ductile metals, 4 
built-up edge is formed along the cutting edge of the tool over 
which the chip slides as it is separated from the work. This 
built-up edge is trapped in this position by force components 
which reach a magnitude of 300,000 Ib per sq in. at a cut of, say, 
0.025 in. feed. For lighter cuts, the pressure may reach 500,000 
Ib per sq in. It does not seem possible that a cutting fluid can 
penetrate between the chip and tool against such pressure. The 


10 Lubrication Engineer, Standard Oil Company of New Jersey, 
New York, N. Y. Mem. A.S.M.E. 
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fact that water, which is a better refrigerant than an oil, gives a 
higher cutting speed for any tool life than most oils, again would 
indicate that cooling is of most importance as far as tool life or 
tool wear is concerned. The authors have found that the tool 
life for a given cutting speed when turning a steel bar at different 
temperatures is greatest for the lowest temperature of the test 
log. These temperatures have been carried to 12 F below zero. 
The authors believe that the cooling of a tool by an air blast at 
different temperatures in order to eliminate lubrication would 
lead to similar results, but as yet they have not tried it. It 
would seem that lubrication at the low temperatures is not much 
different from that at the slightly higher temperatures, so that 
the results must be due to cooling. At the same time, it is recog- 
nized that lubrication is a variable factor in the problem. 

In running drilling tests in which a hole of 1 in. diameter is 
drilled through a piece of steel in the form of a cube 1.5in. on aside, 
in which the drill and work are submerged in a constant volume 
of liquid, the authors have been unable to find any appreciable 
or consistent difference in rise in temperature of the cutting fluid 
with different types of cutting fluids. The lubricant, although a 
poor coolant compared with water, may prevent the generation 
of heat, and therefore has less heat to absorb. Torque and thrust 
values at the point of the drill were also obtained, although the 
data have not been studied sufficiently to arrive at final conclu- 
sions. It would be expected that the lubricant producing the 
least torque and thrust, thereby doing the least work presumably 
because of lubrication, would produce the highest cutting speed 
for a given tool life. From one set of tool-life tests in turning 
steel, the authors have found that the tangential cutting force 
on the tool for a given group of cutting oils is directly propor- 
tional to the speed, that is, that cutting fluid which produces the 
lowest cutting force gives the lowest cutting speed for a given tool 
life, just the opposite of what might be expected. 

The authors do not agree with Mr. Adams’ description of tool 
failure. It appears from his question No. 4 that the tool in turn- 
ing steel fails by becoming dull on the cutting edge. Actually, 
it is the cutting edge that is the last thing to fail at the time break- 
down occurs. Further, the generation of heat between the tool 
and work is greatest at the beginning of the cut when the tool 
issharpest. As the tool is cupped on its face by the abrasive chip, 
the cutting force and temperature are reduced and both become 
a minimum just before the breaking off of the acute cutting edge 
formed by the tool flank and groove. 

Mr. Adams’ summarized suggestions are excellent. Some of 
these have been carried out, but unfortunately the results, as 
have been outlined previously in this closure, do not fall in alto- 
gether with the logic. Therefore, it appears that still more work 
must be done before a complete understanding of cutting fluids 
is gained and it becomes possible to specify the theoretically cor- 
rect cutting fluid for each class of work. 

Mr. Ernst’s discussion as to the use of cutting fluids and their 
action on chip formation is in agreement with the authors’ 
opinions. However, confirming laboratory or practical tests are 
still lacking to give us a complete understanding of the subject. 
The authors have found that, if a good machined finish is desired, 
the built-up edge should be made small. This is accomplished 
singly or jointly by taking a light cut, operating at high speed, 
using a tool having considerable rake, and applying the correct 
type of cutting fluid. However, the authors believe that the in- 
fluence of speed in many cases overshadows all of the others. 

Mr. Szymanowitz has presented the subject of cost in an inter- 
esting light, showing that the cost of a cutting fluid may be in- 
creased appreciably and yet, considering all of the equipment in- 
Volved in the operation, the total increased cost in per cent is 
small in comparison with the increased production. 

It is interesting to note, as indicated by Mr. Barber, that some 
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manufacturers of cutting oils are carrying on fundamental re- 
search in the use and action of cutting fluids. Reference is made 
in his second example to the flowing of the cutting fluid into the 
tiny crack preceding the cutting edge of the tool. Actually, when 
cutting ductile metals, the authors believe that there is no crack 
preceding the point of the tool, inasmuch as this space is filled 
with the built-up edge under tremendous pressure. The results 
of his tests on surface finish are extremely interesting. It is 
difficult, however, to understand that surface finish is not better 
at the very high speeds in spite of any cutting fluid used. Mr. 
Barber also brings out the important point that the performance 
of cutting fluids will vary with the type of process involved. Mr. 
Barber’s three questions may be answered as follows: 

1 Most of the experimental points representing cutting speed 
and tool life for a uniform test log and well-prepared tools fall 
within the thickness of a line. Frequently, at the beginning of 
tests some tool bits are found to give consistently high or low 
results, in which case they are discarded. Also, some cutting 
fluids have been found to give more consistent or uniform ex- 
perimental data than others. 

2 Tool temperature measurements were not made concur- 
rently with the tests discussed in the paper. They have been 
made, however, in other tests by the authors. A very definite 
correlation is observed between cutting temperatures and tool 
life. The higher the cutting speed, the higher the cutting tem- 
perature and the shorter the tool life. The authors have con- 
siderable data showing the relation between the cutting force, 
temperature, and tool life in turning steel, in which the toolwork 
thermocouple was used. One paper was presented at the Annual 
Meeting of the A.S.M.E. in December, 1934, but was not pub- 
lished. At this time additional work is being done along this line 
in which a thermocouple tool is being used to measure tem- 
peratures when cutting different materials or when cutting one 
material with various cutting fluids. These data are not yet 
ready for publication. 

3 The method of determining tool breakdown has been de- 
scribed in an article on ‘‘Machinability of Steel” in the National 
Metals Handbook, 1936 edition. It was described further in 
another paper!! by the authors. This paper! describes a pre- 
liminary and final tool breakdown. The preliminary tool break- 
down, which occurs sometimes soon after starting the cut, in- 
volves the breaking off of one part of the cutting edge before 
the cupping has proceeded far enough to cause a general break- 
down. 

Preliminary tool failure may or may not cause a change in 
the finish on the work or a change in size of the work. It is 
manifest either by a burnished ridge on the shoulder of the cut 
or by a change in surface finish or both. The final breakdown 
is detected either by an increase in cutting force on a dynamome- 
ter or power on a wattmeter, or by the presence of a burnished 
surface on the shoulder of the cut. One skilled in running tests 
of this nature can, by watching the chips come from the work, 
tell amost exactly when the tool fails. In many tests the authors 
have found that the data from preliminary tool failures change 
only the constant C in the equation V7" = C. 

Mr. Lange has sounded the note of practical-versus-laboratory 
investigations in metal cutting. He points out how true manu- 
facturing conditions may be simulated in the laboratory by taking 
one cut from black-surface forgings, after which the forgings 
could be returned to the manufacturers. This might be practical 
in a city such as Cleveland where schools are located close to 
industry. However, in Ann Arbor the situation is somewhat 
different. In turning forgings, the work would not always run 


11 “A Study of Cutting Fluids Applied to the Turning of Monel 
Metal,”’ by O. W. Boston and W. W. Gilbert, Trans. A.S.M.E., vol. 
158, November, 1936, paper MSP-58-10, pp. 685-695. 
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true and, therefore, there would be a variation in depth of cut. 
It would seem, however, that work of this nature could be done 
best by careful observation in the manufacturing plant. 

Mr. Lange further points out that the paper indicates the 
possibility of using to advantage colloidal graphite in commercial 
cutting fluids. It was not the authors’ intention in presenting 
these data to promote the use of colloidal graphite as an in- 
gredient of commercial cutting fluids, but rather to show some 
results of its use. Inasmuch as these results show superior per- 
formance, it is felt that it would be quite possible to prepare cut- 
ting fluids containing colloidal graphite which could be adapted 
to various processes and metals and show profits in spite of the 
high cost of graphite. Mr. Szymanowitz gives, in his discussion, 
data on the cost when using the expensive graphite. It is seen 
that, even with the high cost of graphite, the total cost over that 
when plain oil is used is only 3 per cent with an increase in pro- 
duction of over 25 per cent, whereas the sulphurized mineral oil 
shows an increase of 1.68 per cent in total cost over plain oil 
with an increase in production of 12 per cent. 

Since this paper was presented, the authors know of numerous 
cases where colloidal graphite has been tried out on commercial 
work. Some of these instances have resulted in failure, inasmuch 
as the cutting fluid has not been adapted to the colloidal graphite, 
or the resulting mixture to the work. Undoubtedly there are 
numerous difficulties of a chemical and mechanical nature to be 
overcome in applying colloidal graphited cutting fluids com- 
mercially. However, the authors believe that these can be over- 
come. 

Mr. Maag raises the question as to the use of colloidal graph- 
ite in various oils. Petroleum acidity will develop as the oil is 
used, and presumably will cause the colloidal graphite to settle 
out. This point aJso has been raised by Mr. Reswick and was dis- 
cussed verbally by Mr. Oldacre!? at the time of the meeting. 
It is pointed out in the paper that the colloidal graphite did not 
function satisfactorily in two of the three emulsions used. This 
in itself indicates the need for a correct type of soluble oil to carry 
the colloidal graphite, should it be used. 

Mr. Fleming raises the question as to the practicability of using 
colloidal graphite because of its performance in chip centrifuges 
and other reclamation devices. Undoubtedly, the cutting fluid 
should be analyzed frequently in order that the graphite content 
be maintained above the minimum value found useful. Mr. 
Fleming also raises the question as to the relation between the 
physical and chemical characteristics of the cutting fluid and that 
of the physical and chemical characteristics of the steel being 
machined. This is a subject deserving a great deal of attention. 
Much is being done along this line at the present time. Inasmuch 
as the paper does not include this wide field for discussion, it is 
felt that the present space should not be covered by such a lengthy 
discussion. Many articles have been published on this subject, 
and the authors refer to (1) and (4) in the Bibliography at the 
end of this closure. 

Mr. Reswick raises several additional questions, one of which 
involves the performance of a new oil as compared with the same 
oil after being used for some time. In order to avoid the possi- 
bility of error, the authors have constantly used fresh oils in their 
tests. It has been found true that as the oils change or develop 
acids their performance will be different. 

Undoubtedly, the authors have not answered all questions that 
have been raised. Inasmuch as they are almost constantly en- 
gaged in experimental work with cutting fluids, they would be 
very happy to have any one interested communicate further with 
them. 


12 W. H. Oldacre, Director of Research, D. A. Stuart & Company, 
Ltd., New York N. Y. 
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Equipment and Problems in Han- 
dling Oil as a Locomotive Fuel’ 


M. A. Herzoa.? The writer was interested particularly in the 
author’s presentation of the evils of open steaming for heating 
fuel oil, and his emphasis on the harmful effects of water in oil. 
This is a phase of fuel-oil handling which has been neglected too 
much by many practical railroad men. Locomotive oil tanks on 
the St. Louis-San Francisco Railway are equipped with both open 
and closed heaters, and the engine crew is instructed to use the 
open heater only to break up any accumulation of sludge or sedi- 
ment on the bottom of the tank which might interfere with the 
free flow of oil to the burners. In spite of this it is quite usual to 
find from 5 to 8 per cent of water in samples taken from locomo- 
tive oil tanks. In cases of steam failures blamed by engine 
crews on poor oil, investigation has shown that the oil contained 
from 20 to 30 per cent water. This water was introduced from 
heaters either in the terminal fuel-oil storage tanks or in the loco- 
motive tank. No evidence has ever been found of fuel oil being 
shipped by the refiners with more than a trace of water. 

The presence of water in fuel oil not only reduces the heat con- 
tent proportionately, but as stated by the author it also results in 
loss of combustion efficiency and may cause serious difficulties 
due to increase in viscosity and foaming of the oil when heated. 
It is generally believed that water in heavy fuel oil will settle to 
the bottom when the oil stands undisturbed, and can then be 
drawn off. With most fuel oils, this is far from true. Water in- 
troduced into fuel oil by the condensation of steam from a heater 
will usually form a permanent emulsion with the oil, and will 
separate only slightly or not at all after days and weeks of stand- 
ing. The writer has seen such emulsions which contained over 
50 per cent water, and which did not separate appreciably after 
standing for more than a month. This reluctance of water to 
separate is aggravated by the low gravity of present-day fuel oil, 
much of which is of practically the same weight as water, so that 
there is no tendency for the water to settle out. 

Water in locomotive fuel oil is definitely harmful, and since it 
cannot be removed after it is in the oil, the only remedy is to keep 
it out. This can be done by eliminating open steaming and pro- 
viding ample closed-heater capacity, with possibly some mechani- 
cal device for agitating the oil to prevent accumulation of sedi- 
ment. It is probable that if water were kept out of the oil, bot- 
tom sediment and sludge accumulation would be negligible. 

Elimination of open steaming means that during cold 
months heavy fuel oil must be shipped in tank cars equipped 
with closed heaters in good condition. An increasing number of 
fuel-oil tank cars are being so equipped, but it is still all too usual 
to receive fuel oil in cars not provided with steam coils or with the 

1 Published as paper RR-58-2, by Guy M. Bean, in the August, 


1936, issue of the A.S.M.E. Transactions. 
* Chief Chemist, St. Louis-San Francisco Railway, Springfield, Mo. 
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coils leaking badly. In either case, it is impossible to unload a 
viscous oil without first mixing it with a considerable amount of 
water in the course ot heating. Refiners should realize that ship- 
ment of fuel oil in such cars is causing the railroads considerable 
trouble and extra expense in cold weather. 


J. C. Martin, Jr.° The oil-burning locomotive of today is 
practically the same as it was 25 years ago, with the exception of 
one principal change, namely the method of firing, whereby the 
burner was taken from the rear of the firebox and situated at the 
front or flue-sheet end so that the injected fuel could be dis- 
charged in a direction opposed to the draft. Today, and for the 
past 20 years, this has been standard practice; but outside of 
this highly beneficial change, which saved fireboxes from the 
punishment of localized heat, no other than minor changes have 
been made in the equipment, furnace design, or drafting of an oil- 
burning locomotive. 

The firebox of a locomotive, even in the largest types, presents 
a very restricted space in which to burn a gaseous fuel, such as 
atomized fuel oil. Because of this fact, and because intermittent 
conditions from maximum to minimum firing rates often change 
within a relatively few minutes, ways and means must. be devised 
to burn the fuel in the most efficient manner. When it is con- 
sidered that the fuel oil must be burned in the modern wide-fire- 
box engine at the rate of from 10 to 12 gpm, and preferably with 
a single fuel-oil burner to avoid complications in equipment, some 
idea can be had by combustion engineers not specializing in loco- 
motive boilers as to the exacting conditions obtaining. 

Although the present practices of burning fuel oil in a locomo- 
tive firebox have proved to be reliable these many years and ca- 
pable of getting locomotives over the road expeditiously, con- 
structive criticism is always in order, and to this end the writer’s 
remarks are directed. 

A major item that demands attention is the character of the 
fuel oil now available and to be furnished by the refineries in the 
immediately following years. Present facilities on locomotives 
and at terminals have not been brought in line to meet the 
changed complex of the present-day cracked fuel oils. The rail- 
roads have not yet sensed to a sufficient degree the fact that 
changes must be made if the maximum efficiency is to be ob- 
tained from cracked fuel oil for steam-generating purposes. 

There is nothing particularly unusual about the problem. 
All combustion engineers are fully aware of the fact that these 
cracked fuels must be broken up or pulverized, so to speak, so 
that they will present the greatest possible carbon content for 
oxidation by the air introduced into the firebox for combustion 
purposes. The logical thing to do in effecting this is to provide 
adequate heating of these cracked oils. This should be done at 
three points. First, they should be heated to approximately 90 F 
to permit them to flow freely to the fuel-filling cranes and into 
the locomotive tank. Second, they should be heated to approxi- 
mately 120 F in the locomotive tank so that they will flow freely 
through flexible conduits and pipe connections to the locomotive 
side in sufficient volume to meet maximum firing rates. Third, 
they should then be heated at the locomotive side with the most 
‘ficient type of heating device possible so that it will leave the 
heater and pass to the burner at a temperature of not less than 
200 F. This would mean a temperature at the burner point of 
hot less than 190 F. 

Present facilities for heating fuel oil on locomotives provide 
only the handed-down practice of a so-called superheater com- 
prised of a 31/,-in. steam pipe 5 to 7 ft long jacketing the fuel-oil 
pipe to the burner. This was sufficient for top fuel oils, but is 
now inadequate with cracked fuel oils. What is needed is a heat- 


* Consulting Engineer, Combustion and Refractories, Los Angeles, 
Mem. A.S.M.E. 
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ing facility capable of maintaining, without question, a higher 
temperature of the oil at the burner. 

In regard to the temperature of the oil, this obviously should 
be varied to suit the character of the cracked fuel being received, 


particularly its flash point. Live steam for heating is advocated 
on account of its heat-exchange value as compared to the rela- 
tively low head with which the fuel oil flows from tank to burner 
by gravity. 

It may be stated with certainty that, with economy of steam 
for heating considered and with a well-designed heat exchanger 
located in the same position on the locomotive as the present su- 
perheater, the temperature of the oil may be raised from the pro- 
posed minimum of 200 F to a temperature even 100 deg higher 
(flash point permitting) without any possibility of volatile con- 
stituents of the cracked fuel being lost. This higher temperature 
could be attained because the cracked fuel is usually boiled off 
in the refinery at temperatures far in excess of 300 F, that is, it 
was produced at temperatures varying from 600 to 800 F. 

Another item of consequence to be considered in meeting the 
characteristics of the present cracked fuel oil is the adaptation of 
pressure on the oil to the burner. This should now be consid- 
ered seriously since it would result in constant control of the fuel 
and uniform flow through the burner, and therefore aid greatly 
in the efficiency of combustion over the present gravity feed. 
This has not been done heretofore because of complication of 
equipment, lack of space, and no crying need until cracked oil 
took its place as fuel. With the advent of cracked fuel considera- 
tion should be given to the production of a simple system with a 
pressure-fired oil burner as a constructive improvement over the 
present gravity system of firing. 

Steam-jet atomization for burners may well be continued as 
heretofore; but with a pressure burner in lieu of the present 
gravity-type burner the steam consumption for atomization will 
be materially reduced. Established practices show a steam con- 
sumption of 3 per cent for pressure burners as against a steam 
consumption of from 5 to 8 per cent with present standard loco- 
motive gravity burners such as the Booth or Von Boden type 
which are representative. 

Mechanical atomization of fuel oil into locomotive fireboxes is 
yet a problem to be reckoned with. Tests along this line have 
proved to be disappointing, due to the delicacy of the apparatus, 
carbonizing of burners, and inability to maintain maximum rates 
of firing required with a single burner. 

Reliability of apparatus is of paramount importance, and much 
research work must yet be done to make mechanical atomizing 
on a locomotive a success. However, there will always be a re- 
ward for effecting the successful mechanical atomization of fuel 
oil in a locomotive firebox, due to the elimination of steam as an 
atomizing element, as well as in increasing the volume of the fire- 
box as a combustion chamber in which to burn gaseous-type fuel; 
for it will be clear to those concerned in this problem that the 
steam for atomizing is a noncombustible ga soccupying space in 
the firebox which could otherwise be utilized for increasing ther- 
mal efficiency. 


AvTHOR’s CLOSURE 


Mr. Herzog’s comments on the importance of providing trans- 
portation, terminal, and locomotive fuel-oil-handling facilities 
that will preclude contamination of the fuel through the admix- 
ture of water are timely and accord fully with the author’s ideas. 
These phases of fuel-oil handling are all too frequently overlooked 
and result in efficiency losses that aggregate to considerable 
amounts. 

Too much stress cannot be placed on the need for careful 
study of all apparatus involved so that the fuel may be delivered 
to the locomotive furnace in the most suitable condition for 
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proper functioning, which means as free from moisture as is 
practically possible and at temperatures required for efficient 
firing. 

While the higher percentages of water in fuel oil as quoted by 
Mr. Herzog are rather exceptional, the fact that they are en- 
countered only stresses the importance of keeping them to a 
minimum. Properly designed indirect heaters can be provided 
in all heating phases that will suitably heat the fuel to the tem- 
perature required in each phase and their adoption will readily 
repay the involved cost in final efficiencies. 

Mr. Martin’s discussion fully bears out the author’s idea both 
as to the need for providing means for separate heating of the 
fuel in the locomotive reservoir and final heating of the fuel to 
burning temperatures on the locomotive side. 

There seems to be a definite lack of understanding, among 
many who are daily handling modern locomotive fuel oils con- 
cerning the great change in the fuel characteristics that have 
been brought about through modern refinery practices. It is 
important that every consideration be given to the needs for 
equipment changes that will meet these fuel changes. This 
involves study and experimentation with all heating problems, 
methods of delivery of the fuel to the burner, types of burners 
that will give the best atomization of the fuel, and finally careful 
proportioning and location of air-admission openings in the 
furnace. 


Functions for Solution of Three-Mo- 
ment Equation for Beam Columns 


With Nonuniform Loads' 


H. M. Hansen.?. The paper represents a convenient supple- 
mentary contribution to existing tables which, for different types 
of end conditions, transverse elementary and total loadings, give 
the influence on the slope at the end of an assumed simply sup- 
ported beam with constant flexural rigidity. Since the author 
has computed the table on the basis of well-known theories and 
formulas in common use, the writer’s discussion will be confined 
to the errors introduced by the substitution of an elementary 
concentrated load for a distributed load, when the element used 
is one tenth of the length of the span. 

Using the same symbols as in the paper, we have 


_ 6 | sin KjlL _ 
vo = Gb? | K| (1] 


as the combined effect of an axial and a transverse concentrated 
load. By an integration it will be found that the function for a 
load, uniformly distributed over a distance 2CL, can be written as 


6 [sin KjL sin CjL | 
= — 2 
ve Gay | sinjL  CjL 
in which KL is the distance to the center of distribution. Fora 
distribution of one tenth of the span, or C = 1/20 
6 | sin KjL sin (jL/20) 
= —K...... 2 


The value of the distribution factor (20/jL) sin (jL/20), between 
jL = 0 and the critical condition jL = 7, varies from unity to 
0.9957. The error due to the substitution of a concentrated load 
1 Published as paper AER-58-6, by John E. Younger, in the August, 
1936, issue of the A.S.M.E. Transactions. 
2 Assistant Professor of Engineering Mechanics, University of 
Michigan, Ann Arbor, Mich. 


for a uniformly distributed load is therefore, in this case, small and 
can be neglected for ordinary purposes. 


TABLE 1 PER CENT DIFFERENCE? BETWEEN yc AND yp 
IL Per cent difference when 
K=0.1 K =0.5 K=09 
0 +0.25 +0.33 +1.32 
1 +0.26 +0.34 +1.24 
2 +0.29 +0.35 +1.00 
3 +0.38 +0.39 +0.51 


@ Per cent difference = 100 [1 — (¥pD/y¥c)}. 


Table 1 of this discussion gives for various values of K and jL 
the difference in per cent between function Yc, the tabulated 
value, and Wp from Equation [2a]. 

The effect of a load gradient on the elementary function y 
can in part be investigated by considering a trapezoidal loading, 
the exact expression for which can be shown to be 


E KjL sin CjL 
singjgL CjL 


(4 
CjL 


where, as before, 2CL represents the distribution, KL is the dis- 
tance to the center of distribution, and GL is the distance to the 
center of gravity of the load; GL and KL are measured from the 


3(G@ — K) 


vr cot KjL 


same support and have the same positive direction. Analytically 
G=uK+- Pi — Pa 
3 Pi + 


where p; and p,; are the intensity of loading at the ends of the 
trapezoid. 

If investigating one of the more extreme cases such as a tri- 
angular loading, Equation [3] reduces to 
6 | sin KjL sin CjL 
= —— 41 + cot KjL 
GL)? sin CjL 


va 


where the upper sign is used for G > K, the lower for G < K. 
The gradient factor may be given a more convenient form by sub- 
stituting for cot CjL the first three terms of its series, and the 
equation can, for all practical purposes, be written 


6 [sin KjL sin CjL 


In this case, where C = 1/20, the first two terms will suffice and 
the equation takes the particular form 

6 [sin KjL sin (jL/20) ( jL ) 
(jL)* sinjL  (jL/20) 


Va 60 


Applying this Equation [3c] to different values of K and jL, the 
per cent difference between y,, the tabulated value, and ys from 
Equation [3c] is shown in Table 2 of this discussion. While 
the elementary errors under certain extreme conditions are rather 
high, as shown by Table 2, the error occurring from the use of 
the author’s tables on a triangular loading over one half end of 
the beam amounts to 0.3 per cent of the theoretical value. 
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TABLE 2 PER CENT DIFFERENCE? BETWEEN yc AND yp 


iL Per cent difference when 

G>K G<K G>K G<K G>K G<K 
0 —16.1 +16.6 —0.8 +1.4 +16.3 —12.0 
3 —15.7 +16.5 —0.3 +0.5 +16.3 —15.3 


@ Per cent difference = 100 [1 — (yA/yc)]. 


For any distributed loading usually encountered in practice it 
seems, therefore, reasonable to expect that the use of the author’s 
tables will give results which are consistent with the usual ex- 
pected accuracy of other required data. 

On the other hand, the results so obtained can, in most cases, 
be expected to vary about 0.5 per cent with the theoretical value. 
It seems, therefore, not justified to use more than three significant 
figures in the author’s tables. 


Welding Heavy Machinery' 


F. O. Lerrze.u.?. The authors have presented the problems 
encountered in the proper production of heavy welded machinery 
in a clear, concise, and excellent manner. Too many times the 
problem of designing welded machinery has been approached 
without the proper thought being given to the advantages and 
higher efficiencies obtainable from welded construction. Many 
designs have been made by simply replacing welds for rivets and 
bolts or cast construction, with no consideration given to weight 
saving or proper design. The authors have pointed out clearly 
that to obtain full advantage of welded construction one must 
take into account the shortcomings of riveted and cast con- 
struction, and be able to substitute therefor welded construction 
where it can be applied with greatest advantage. Welding is 
not a cure-all, and the authors recognize this fact. However, 
there are a few points in the paper which can be stressed by addi- 
tional discussion. 

It is true that thick and thin members can be welded together 
and various metals can be combined in one piece by welding, 
but when this is done care must be used so that undue warpage 
will not occur, due to welding or to final stress relieving if this is 
necessary. The authors have mentioned that different metals 
may be welded together providing their coefficients of expansion 
are sufficiently similar so that undue stress is not set up when 
the welds cool. 

In regard to the peening of welds in the construction of welded 
machinery, the writer believes that there are many places where 
it is advantageous to:peen the various layers of weld, not to 
hide porosity or other defects, but for the proper working of the 
metal. This is especially true where extremely heavy sections are 
welded to light sections. Stresses are set up in this case and 
peening is a decided advantage. In other cases, light peening of 
the various layers removes scale and slag and leaves a clean 
surface for the succeeding bead. Furthermore, peening has 
a tendency to decrease warpage regardless of whether or not 
the finished piece is stress relieved by heating. 

The authors’ discussion of stress relieving by heating is excel- 
lent. The results required of welded machinery are so different 
from pressure vessels that the writer agrees with the authors 
when they state that no definite hard and fast rules of procedure 
can be laid down. However, the results desired in either case are 
the same, that is, a soft ductile weld with as nearly the same 
Properties of the parent metal as it is possible to obtain. Where 
the various parts are of different thicknesses, the process of heat- 
ing and cooling can be set only from experience in order to ob- 
tain ductile welds with a minimum of warpage. 


‘Published as paper MSP-58-5, by C. A. Wills and F. L. Linde- 
muth, in the October, 1936, issue of the A.S.M.E. Transactions. 

? Vice-President, Lewis Foundry and Machine Company, Pitts- 
burgh, Pa. Mem. A.S.M.E. 
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The Electric Welding of Monel 
and Nickel’ 


P. R. Kostine.? The writer wishes to take exception to one 
statement made by the authors. This statement, found at the 
end of the first paragraph under the subtitle “Quality and 
Physical Properties of Deposited Metal” concludes with the 
ig See yield strengths of welded joints are still of 
little value, except when all-weld-metal specimens are used.” 

The engineer of today is using as the basis for his calculations, 
yield-strength values to a greater extent than his predecessors. 
This is particularly fortunate in the case of the common non- 
ferrous alloys, the yield strength of which can be varied to a much 
greater extent than the tensile strength by combinations of 
cold working and annealing. 

In the case of monel-metal plate, tensile strength is lowered 
less than 8 per cent by controlled annealing, while yield strength 
0.00 per cent set (P.L.) is lowered 40 per cent. When welding 
monel there is an annealing effect adjacent to the weld. This 
heat-affected zone does have considerable influence on the proper- 
ties of the welded joint. Indications are that the greater the 
electrical energy used in the are for satisfactory welding, the 
less the number of layers of weld metal required and the lower 
the strength of the weld. The technique of determining yield 
strength of nonhomogeneous materials such as welded joints is 
not yet satisfactorily worked out. Using specimens that permit 
true axial loading and using sensitive extensometers, yield 
strength 0.00 per cent set (P.L.) of joints can be varied 30 per 
cent approximately without affecting tensile strength when 
specially annealed. It is therefore necessary to measure yield 
strength, especially for sets of lower percentages in order to fol- 
low the effects of varied manipulations. When using welded 
nonferrous metals the yield strength is very important. 


AUTHOR’s CLOSURE 


The authors agree with Dr. Kosting on the point he raises 
that yield strengths are being used more widely in machine-design 
calculation. There is, however, no full agreement on what a 
yield point is, for it is necessary to indicate the per cent set at 
which the yield point is taken, i.e., 0.00 per cent, 0.05 per cent 
0.2 per cent, 0.5 per cent, or 0.75 per cent set. 


American Hydraulic-Laboratory 
Practice’ 


Rosert W. Aneus.?. The author has given an all too brief 
review of the hydraulic laboratories and hydraulic-laboratory 
practice in America. So far as the writer knows, he is the first 
Freeman Scholar to spend his entire time on this continent and 
he has used it very profitably. What Dr. Freeman did for 
Europe in his “Hydraulic Laboratory Practice,” Mr. Hooper 
has done for America on a much smaller scale. 

Some omissions are bound to occur and this is true regarding 
the laboratories for studying pumps, as these are fairly numerous. 
The author does not mention the new pump laboratory of the 
Dominion Engineering Works in Montreal, which has done some 
useful experimental work. 


1 Published as paper MSP-58-7, by F. G. Flocke and J. G. Schoener, 
in the October, 1936, issue of the A.S.M.E. Transactions. 

2 Chemical Engineer, Watertown Arsenal, Ordnance Department, 
U.S. Army, Watertown, Mass. 

1 Published as paper HYD-58-3, by Leslie J. Hooper, in the Oc- 
tober, 1936, issue of the A.S.M.E. Transactions. 

2 Professor of Mechanical Engineering, University of Toronto, 
Toronto, Ontario, Can. Mem. A.S.M.E. 
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For turbine testing, and river and hydraulic structures, a 
laboratory located on a natural stream has many advantages, 
particularly in the way of having the water in a calm state as 
compared with that from pumps which cause turbulence that is 
hard to damp out; the laboratory at Worcester is an example of 
the former. 

The turbine-testing laboratories are all rather similar and the 
large volume of water used by the one at Newport News shows 
that the scale for the models need not be small. The writer has 
considerable experience with centrifugal pumps, most of which 
are run for test before being delivered; the smaller ones usually 
under the full-scale conditions, and the larger ones at reduced 
speed. In many cases the writer has found the test-floor re- 
sults materially different from those on the installed unit, and as 
the shop tests were known to be accurate, it would appear that 
the characteristics of the pumps are very easily affected by the 
setting. Therefore, too much care cannot be used in duplicating 
the actual setting in the laboratories. 

Duplicate pumps made at the same time in the same shop 
rarely have exactly the same characteristics, and there still ap- 
pears to be a margin between the actual and predicted pump re- 
sults that cannot be overcome by adjustable vanes, as in the 
turbine. 

In view of the extensive notice given to cavitation testing, 
further comment here is unnecessary, but the writer was greatly 
interested, when he visited Sweden in 1935, to know that in one 
shop at least, cavitation runs were made on all model runners 
of new design, and the plants for which the turbines were being 
made were designed on the basis of the cavitation tests. The 
cavitation-research field has apparently only just been entered. 

The glass trough is invaluable for open flow work. Last 
winter, at the University of Toronto, an extensive study was 
made, under the writer’s direction, of the flow over a model of 
the dam at Abitibi Canyon in northern Ontario, and in the only 
data available from the power plant, the experiments corre- 


sponded remarkably well with the measured results at the dam. 
Such work is invaluable and gives accurate data for the designer. 

The writer believes that where a river model has different 
scales for length, width, and depth, as in the case cited at Carnegie 
Institute of Technology, the interpretation of the results leaves 
room for much question. Two different scales are troublesome 
enough, but the third greatly increases the difficulties. The 
use of transverse metal fins to vary Kutter’s n is unusual 
and would seem to change the flow conditions greatly, even 
though it produced the desired mean hydraulic gradient. The 
model should be a true copy of the prototype, the resistance 
being produced in exactly the same way in both, if the stream 
flows are to be comparable. 

The author’s statement as to the tendency to reduce the scale 
ratios by increasing the model sizes is interesting. Some years 
ago the writer asked a distinguished German experimenter what 
scales should be adopted in river flow work, and the surprising 
reply was, “Full size; that is, the factors for reducing the 
model results are not, in his opinion, as definite as is desirable in 
this class of experiment. On the other hand, small-scale model 
turbines produce with remarkable fidelity, curves of efficiency, 
output, and speed which enable results on the prototype to be 
predicted accurately. 


AvuTHOR’s CLOSURE 


The comments and additions by Professor Angus in regard to 
centrifugal pumps and laboratories devoted to their test are 
appreciated. In this connection it should be noted that Table 
3 of the original article should be amended to indicate that 
pump testing was also being done at Cornell University. This 
type of work was found in progress there but mention of it was 
omitted accidentally. 

The author desires to take this opportunity to thank the di- 
rectors of the various laboratories visited. Their kindness and 
cooperation during the inspection trip were appreciated. 
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At the Annual Meeting in December, 1936, papers deal- 
ing with various phases of the fly-ash and flue-dust prob- 
lem were presented by ten authors. These covered 
methods for measuring the quantity of entrained dust in 
flue gases, types of apparatus for removing solid matter 
from flue gases before their discharge to the atmosphere, 
utilization of pulverized-fuel fly ash as aggregate for a 
new kind of concrete and the manufacture of a building 
block, and the cinder and fly-ash public nuisance. P. H. 


Hardie describes measurement methods that are appli- 
cable to different types of dust-separating devices. Appa- 
ratus described and the authors of the various papers are: 
Gas-scrubber installation at a plant of The Edison Electric 
Illuminating Company of Boston, M. D. Engle; spray- 
zone fly-ash eliminator at the New York Edison Com- 


Résumé of Methods for Measuring 


Flue Dust 
By P. H. HARDIE, BROOKLYN, N. Y. 


XTENSIVE development work on methods for measuring 
the quantity of entrained flue dust? in the gases of coal-fired 
plants has been reported by a number of authors. Many 
different types of apparatus, employing slightly different test 
procedures, have been tried. As yet, none of them has been 
approved by the A.S.M.E. Power Test Codes Committee on Dust 
Separating Apparatus, nor is any standard generally recognized. 
This paper will discuss the more general types of apparatus 
with special reference to their application and limitations. No 
attempt will be made, however, to cover devices for measuring 
atmospheric dust pollution, such as the U. S. Public Health 
Service Empinger, Owens Jet Dust Counter, and Drinker 
Electric Precipitator. This phase of the subject is adequately 
covered in the U. S. Public Health Bulletin No.2 17, published 
in 1935. 


Dust MEASURING A SAMPLING PRocEss 


Due to the large volume of gas involved, the problem of measur- 
ing flue dust has resolved itself into a sampling process. The 
following important principles of sampling are recognized as 
necessary in order to obtain reliable results. First, samples 
must be taken from a sufficient number of points in the cross- 


‘Test Development Engineer, Brooklyn Edison Company, Ine. 
Mem. A.S.M.E. Mr. Hardie was graduated from the Alabama 
Polytechnic Institute with a B.S. degree in mechanical engineering 
in 1921 and later received his M.E. degree. He spent the follow- 
ing year at the Massachusetts Institute of Technology specializing 


in design and testing. He received early practical training with the 
Hardie-Tynes Mfg. Company, Birmingham, Ala., and was associated 
with the Westinghouse Electric & Mfg. Co. until 1926 as a steam- 
turbine designer. Since 1926 he has been engaged in power-station 
testing for the research bureau of the Brooklyn Edison Company, Inc. 

*The term ‘‘flue dust’’ is applied to the solid refuse carried along 
with the gases of combustion and includes both cinders and fly ash. 

Contributed by the Fuels Division and presented at the Annual 
Meeting of Tue AMERICAN SocteTyY OF MECHANICAL ENGINEERS, 
held in New York, N. Y., Nov. 30 to Dee. 4, 1936. 

Discussion of these papers should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1937, for publication at a later date. Dis- 
cussion received after this date will be returned. 

oTe: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Fuel Panel Discussion on Cinder Catchers 
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pany’s Hell Gate Station, J. J. Grob; a device utilizing 
directional changes of flow in a fan impeller to separate 
dust from flue gases, H. F. Hagen; a scrubber that causes 
ash particles to impinge on wetted vertical carbon plates 
as the gas travels in a staggered path through the device, 
O. Craig; cleaning flue gases by electrical precipitation, 
C. W. Hedburg; a combination recirculator and controlled 
multicyclone, L. C. Whitton, Jr.; and a compound type 
of dust eliminator utilizing a concentrating chamber and 
a cyclone, S. Brown. J. R. James outlines the use of 
fly ash and crushed cinders as concrete aggregate by The 
Detroit Edison Company and of fly ash in manufacturing 
building blocks. .W. G. Christy emphasizes the fact 
that the discharge of solids from stacks has greatly in- 
creased of late and that the public is demanding action. 


section of a flue to represent the entire flow. 
that a point at which the average conditions prevail can be de- 
termined, and only a few samples need then be collected. Second, 
the samples must be withdrawn from the main stream without 


Stern says 


change in composition. Third, the dust must be separated 
without loss or contamination. Fourth, the size of samples 
withdrawn must be sufficient to permit determining the weight 
of the dust collected with reasonable precision, and the per cent of 
combustible and size analysis if these data are also objects of the 
test. Fifth, supporting data must be taken to permit weight 
averaging of the individual samples. 


Fic. 1 


A StmpiLe Design or Dust SAMPLER WITH FILTER BAG ON 
DISCHARGE SIDE OF BLOWER 


With virtually all types of flue-dust-sampling apparatus, the 
collection is accomplished by facing a tube into the stream and 
applying suction at the opposite end, with a dust-separating 
device located at some point in the sampling line. 

A simple type of apparatus is shown in Fig. 1. The aero- 
dynamics of dust particles dictates that that part of the moving 
stream drawn through the sampler must not change in velocity 
or direction at entrance to the sampler. Experimental results 
showing the errors caused by incorrect sampling velocities as 
determined by Fahrenbach (2), Zimmermann (3), and Caldwell (4), 
are reproduced in Fig. 2. Difference in size analysis of the dust 
being measured probably accounts for the disagreement between 
the three curves. Another error is introduced if the sampler 
does not face squarely into the gas stream. The measured 
values of this error (2,3) have not been reproduced here, since 
it is a much less likely source of error, except where poor sampling 


3’ Numbers in parentheses refer to the Bibliography at end of paper. 
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locations are used. Samples should be taken in a long straight 
portion of the duct. A vertical run is preferable to a horizontal 
run as a sampling location. 


Suction APPARATUS 


Several different devices have been used for producing the 
necessary suction for withdrawing the gas samples and over- 
coming the resistance of the separating device. Blowers of the 
vacuum-cleaner type are excellent when the resistance is not very 
high. They are used mostly with cyclone separators and with 
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RATIO OF SAMPLING VELOCITY TO DUCT VELOCITY 


Fig. 2 Curves ILLUSTRATING THE MAGNITUDE OF THE EXPERI- 
MENTAL Error CAUSED BY INCORRECT SAMPLING VELOCITY 


(a, Plotted from data obtained by W. E. Caldwell and his associates with 
test equipment similar to that described in (4); b, Curves reproduced from 
Zimmermann (3) Fig. 14; c, ee from Fahrenbach (2) Fig. 


cloth bags located on the discharge side. For high resistance 
and large quantities, a steam siphon of the type used on con- 
densers and pumps has been found to work well. Jacobus and 
Bailey (5) and Mackenzie (6) used a compressed-air ejector with 
a cloth-bag filter on the discharge side. The bag in this case had 
to be large enough to pass the compressed air as well as the 
sampled gas; otherwise, this method has much to commend its 
use. Water ejectors have also been used but mostly for small 
gas quantities and low resistance. Even laboratory types of 
reciprocating and rotary pumps have been used. 


DETERMINING CORRECT SAMPLING RATE 


There are some investigators who prefer one of the auto- 
matic means of indicating when the correct sampling rate is 
being maintained while others prefer to measure the velocity 
in the duct and use the gas-metering device for indicating when 
this velocity is being maintained at the sampler inlet. In the 
latter case, traverses are made with a pitot tube and thermo- 
couple, generally only just prior to each run, although check 
readings at intervals during the test can be made if found neces- 
sary. The disadvantage of this method is the inconvenience 
of converting velocity-pressure measurements into nozzle- 
differential readings. The gas pressure and temperature are 
generally lower at the nozzle and these differences must, there- 
fore, be taken into account when determining what nozzle 
differential to hold. 

Fig. 3 illustrates three different methods that have been used 
for automatically indicating the correct sampling rate. In 
Fig. 3a, two pitot tubes are used, one inside the sampler and one 
adjacent to the sampler tip. Equal velocity-pressure readings 
on the gages connected to the two pitot tubes indicate that the 
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- ingly small in relation to the sampler size. 


correct sampling rate is being maintained. This is probably 
the most accurate method for maintaining equal velocity. It 
has another advantage because the inside pitot tube serves as 
the gas-metering device. This method has two disadvantages: 
First, pitot tubes plug rapidly in a dust-laden gas stream; and, 
second, the sampler must be large to accommodate the pitot 
tube without too great a reduction in the gas-passage area. 

The method shown in Fig. 3b utilizes two static-pressure tubes 
connected to a differential gage to indicate when equality of 
velocity has been attained. The cutside tube is similar to a 
pitot tube but has no impact opening, and the other tube is 
connected to a piezometer ring located near the sampler 
tip. The static holes for this arrangement, as in the two- 
pitot-tube method, are likely to become clogged if they are made 
smal] enough to insure accurate readings. However, the size 
of the sampler tube has no limitation. 

Fig. 3c shows how inverted-impact tubes are used to indicate 
the correct sampling rate. These tubes are less likely to clog, 
but the one facing into the mouth of the sampler may cause 
uneven flow of gas and dust into the sampler, unless it is exceed- 
The sensitivity of 
these inverted-impact tubes can be increased by flaring the 
ends. 

Zimmermann (3) found automatic means for indicating correct 
sampling rates unnecessary, because the gas velocity in the ducts 
showed little change throughout a test. This has been the 
experience of other investigators (1, 4, 7). However, if the gas 
velocity fluctuates considerably in a test period, automatic 
means for indicating sampling rates would be desirable. Also, 
when an integrating gas meter is used for determining the 
quantity of gas sampled, automatic indication of adjustment 
has certain advantages. 


MEASURING QUANTITY OF GAS SAMPLED 


We come next to the means used for measuring the quantity of 
gas withdrawn as samples. Investigators are again divided, 
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Fic. 3 Means Usep To INDICATE AUTOMATICALLY WHEN CoRRECT 
SaMPLiInG VeE.Locity Is MAINTAINED 


(a, Equal velocity pressure on the two pitot tubes indicates correct sampling 
rate; b, Zero reading on differential gage connected to the two static tu 

indicates correct sampling rate; c, Zero reading on differential gaze co™ 
nected to the two inverted impact tubes indicates correct sampling rate.) 


this time between indicating and integrating types of instrument. 
Nozzles or orifice plates are the usual indicating type of metering 
device used. Stern (1) eliminated the nozzle by using the pres 
sure drop through the cyclone separator, having previously 
obtained a calibration curve for pressure drop against flow. 
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A pitot tube located inside the sampler tube, as illustrated in 
Fig. 3a, is another indicating method. For the integrating 
method, the house type of gas meter has generally been used. 
Both indicating and integrating methods require gas pressure 
and temperature measurements to determine mass flow. The 
author, in a previous paper (7), described a method for main- 
taining a predetermined constant discharge pressure from all 
nozzles in a group, thereby reducing the number of readings and 
also simplifying regulation of flow and computation of results 
for multiple-sampler tests. 

Mackenzie (6) described a simplified procedure in which no 
gas quantity measurements were made. With inverted impact 
tubes, similar to Fig. 3c, he maintained the correct sampling 
rate with the sampler located for an equal length of time at the 
center of several equal areas into which the duct was assumed 
to be divided. Then, from the quantity of dust collected, and 
knowing the sampler-mouth and duct cross-sectional areas, 
the total quantity of dust passing the section in a test run was 
computed by using the ratio of these areas. 

The other test methods are based on determining the dust 
concentration’ from which the total quantity of dust can be 
computed if the quantity of gas passing is known. In some cases, 
the total quantity of dust need not be determined because all 
that may be desired is the efficiency of the dust-separating 


Paper or 
Alundum 
Thimb/e 


(a) (b) 


Fic. 4 Heaps ContTaininG Gas FILTERS 


(The separation of the dust takes place inside the flue and the sampler, 
therefore, must be withdrawn to remove the dust; a, Design of head used by 
Zimmermann (3), which contains a Schott granular glass filter. The smail 
tube on the side is the static-pressure connection for indicating the correct 
sampling velocity similar to that shown in Fig. 36; 6, Another design 
reported by Zimmermann (3), in which glass wool is used as the filtering 
medium; c, Design of head used by Research Corporation (11). Either a 
paper or alundum thimble can be used with this head.) 


equipment. Since the quantity of gas is the same entering 
and leaving the separator, the efficiency can be computed from 
the dust concentration at the inlet and outlet without having to 
know the total quantities involved. 


Dust-SEPARATING DEVICES 


A variety of devices have been used for separating the dust 
from the sampled gas. The separator is generally located out- 
side of the gas duct, but some investigators have designed heads 
Containing filters which are attached to the tips of the samplers. 
Fig. 4 shows three different types of head. 

_ The paper-thimble and cloth-bag filters and cyclone separator 


‘ For the purpose of this paper ‘“‘dust concentration” is defined as 
the weight of dust per unit weight of gas. 
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are the three more generally used devices. Other less common 
devices are alundum, metal-screen, glass-wool, and Schott 


glass filters and the water-bubbling bottle. All of these methods 
have been made to perform reasonably well under certain operat- 
ing conditions. No one means of separating the dust from the 
flue gas has been found entirely satisfactory for all operating 
conditions. 

Paper-Thimble Filter. This device was perfected by Brady 
and Touzalin (8), and is generally spoken of as the Brady thimble. 
It has been used both inside and outside of the gas duct. When 
the gas temperature is high, paper thimbles will fail very easily. 
If the thimble is located outside of the duct, the sampled gas 
may be cooled sufficiently to eliminate this trouble. However, 
the gas can be cooled too much, thereby causing condensation 
on the thimble. A method of electrically heating the thimble 
casing to eliminate this trouble when the gas temperature is too 
low is used by a large steel company (9). 

Due to the small gas-filtering capacity of these thimbles, they 
have been used almost entirely for pulverized-fuel installations, 
which do not require a large sampler because the dust particles 
are of small size. The diameter of sampler mouth used with 
these thimbles is generally !/; or 3/;, in., which is entirely too 
small to catch the large-size cinders produced in stoker-fired 
furnaces. 


Fig. 5 Cycitone SEPARATOR AND CLOTH-BaG FILTER IN SERIES 


(The main purpose of this combination is to reduce the tendency of the bag 
to give trouble when the cinder concentration is high. he cyclone can 
be made small because a high efficiency is not necessary. This design has 

been used by the Brooklyn Edison Co.) 


Cloth-Bag Filter. Filters of this type are divided into two 
classes, those located ahead of the source of suction and those 
on the discharge side. Bags located ahead of the suction appara- 
tus must be encased in an air-tight container, generally a glass 
jar, and are therefore limited in size. Bags located on the dis- 
charge side have no such limitation imposed on their size. How- 
ever, they should not be made so large in proportion to the 
quantity of dust collected that an appreciable error is introduced 
when determining the weight of dust, either by emptying and 
weighing or by weighing the dust in the bag and then subtracting 
the tare weight of the bag. 

Both wool and cotton cloths have been used as material for the 
bags. The former is more expensive but will withstand a higher 
temperature. Even asbestos bags have been tried, but they 
are not considered very satisfactory. The cloth-bag filter can 
be made for large as well as small-size samplers; for a maxi- 
mum sampler size of 1 in. with the bag on the inlet side of the 
suction device, and for almost any size with the bag on the dis- 
charge side. It is equally suitable for pulverized-fuel and stoker- 
fired installations. The chief disadvantage of cloth bags is 
their short life which often causes failures in operation, especially 
at high load. 

Cyclone Separator. Constant resistance for a given gas flow, 
lack of limitation in size, and ease of removing dust sample are 
points that make the cyclone separator very desirable. The 
only drawback to its use is its efficiency of separation. Most 
investigators have considered a filter necessary on the discharge 
of the cyclone. Stern (1) developed a cyclone which, for a 
limited range of sampling rates, obtained nearly 100 per cent 
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separation. For different duct velocities, the size of sampler 
mouth was changed to keep the rate of gas sampling within the 
required limits. As a check on the efficiency of the cyclone he 
recommends the use of an electric precipitator in the discharge 
line. Figs. 5 and 6 show methods used by other investigators for 
combining a cyclone and filter. These combinations retain 
most of the advantages of the cyclone without having to change 
the sampler tips to assure complete separation. 
Alundum Filter. If the gas temperature is above 350 F or 
if the gas is quite moist, alundum filters have been used to replace 


(b) 


Fic. 6 CycLone SEPARATOR WITH INTERNAL FILTER FOR SECURING 
CoMPLETE REMOVAL OF Dust 


(a The filter consists of a sheet of filter paper backed up with a metal screen, 

both of which are clamped between the cover and the body of the separator. 

See paper (3) by Zimmermann; 6, A similar design used by Rosin and 

Rammler (12) which has several sheets of filter paper in parallel to reduce 
the resistance to gas flow.) 


(a) 


paper thimbles. In some cases the alundum filter is made the 
same size and shape as the paper thimbles so that the two are 
interchangeable (see Fig. 4c). The high resistance of alundum 
filters is a serious handicap to their use. 

Metal-Screen Filter. As a substitute for cloth bags when the 
temperature is above 300 F, monel-metal screens of 100 mesh 
have been used (7). For tests on stoker-fired installations, the 
openings in the screen are quickly covered, thereby preventing 
further loss of small-size particles. The tests must be of such 
duration that the initial loss of small particles will be negligible. 
Like the alundum filter, the resistance of metal-screen filters 
is high, especially after the test run has been in progress for 
some time. Ifthe rate of collection is high, the test run must be 
interrupted several times to brush the dust from the screens. 

Glass-Wool and Schott Glass Filters. These two types of 
filter have been used mostly for laboratory experiments, although 
Zimmermann (3) reports their use on field tests. If the dust 
sample is desired for size analysis or combustible content, the 
separation of the dust from the glass wool presents a problem. 
The high resistance of the Schott glass filter is the main objection 
to its use. 

Water-Bubbling Botile. Separation of dust from the gas by 
bubbling the gas through water is a method that has been resorted 
to when the gas contained too much moisture to permit the use 
of any of the filter methods. It has the serious disadvantage 
that a large quantity of water must be separated from the dust 
by filtration and then evaporation. 


GENERAL CONSIDERATIONS 


Classifying dust samplers according to the means used to 
separate the dust has caused undue emphasis to be placed upon 


this function of the sampler, when emphasizing the sampling 
procedure is much more important. Efficient separation can 
be obtained with all of the separating devices. The choice 
between them should be governed largely by the kind of test 
to be made and the operating conditions to be encountered. 

The most likely source of error in flue-dust measuring is due 
to faulty spotting of the samplers in the cross section of the 
gas passage. At best, a sampler can be expected to indicate the 
dust concentration only at the points where it is spotted. With 
a variation in dust concentration as great as 10 to 1, which is 
not uncommon even in long straight ducts, the spotting of the 
samplers is a potential source of error. Samples must be taken 
from at least 12 points to obtain reasonably reliable results. 
The samples can be obtained either by traversing with one or 
more samplers or by operating separate samplers at each point. 

All samplers require considerable attention both in prepara- 
tion for test and throughout the test period. Simon (10), 
however, reports the development of a recording dust-concentra- 
tion meter, but whether this instrument would be satisfactory 
for test purposes is questionable. 

To the author’s knowledge, only one flue-dust sampler is 
on the market, a vacuum-cleaner type manufactered by Hudson 
H. Bubar.’ Other types described therein were built specially. 
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Pease Anthony Gas Scrubbers 


By M. D. ENGLE,' BOSTON, MASS. 
] THE Kneeland Street boiler plant of The Edison Electric 
Illuminating Company of Boston, two 250,000 Ib per hr 
and one 350,000 Ib per hr pulverized-coal-fired boilers are in- 


515 Park Row, New York City. 

1 Superintendent, station engineering department, The Fdison 
Electric Illuminating Company of Boston. Mem. A.S.M.E. Mr. 
Engle received the degree of B.S. in engineering from the University 
of Michigan in 1918 and, until 1922, was associated with the Consoli- 
dated Gas, Electric Light & Power Co., Baltimore, Md., first 8 4% 
assistant construction inspector on an addition to its Westport 
central station and then as assistant to the electrical engineer. From 
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stalled for supplying steam to the district heating system in 
downtown Boston. Each boiler is equipped with two Pease 
Anthony gas scrubbers, manufactured by the B. F. Sturtevant 
Company, for removing the solid matter from the flue gases 
before they are discharged to the atmosphere. 


DETAILS OF CONSTRUCTION 


As can be seen from Fig. 1, these scrubbers consist of a vertical, 
cylindrical shell with a tangential gas inlet at the bottom and a 
central gas outlet, with antispin vanes, at the top. In the 
center of the scrubber, a vertical spray manifold is located 
which supplies the scrubbing water through approximately 
90 3/i-in. nonclogging nozzles. 

The steel shells are lined with plastic stack lining and acid- 
proof brick set in acidproof mortar. The central spray-nozzle 
manifolds are made of Haveg, and the nozzles are made of hard- 
ened voleanic lava. Each nozzle handles about 1.75 gpm at 
35 lb pressure. The scrubber drain lines are of rubber-lined 
steel pipe with a stoneware lining at the outlet from the scrubber 
to resist the erosive action of the water and solid matter leaving 
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the scrubber. They discharge into a Callow cone for removing 
the greater part of the solids before the water is recirculated 
to the scrubber spray nozzles. 
The steel Callow cones have 60 deg angles and are protected 
1922 to 1925, he was assistant to the chief mechanical engineer with 
McClellan & Junkersfield, Inc., severing that connection to become 
assistant to superintendent of the station engineering department with 
The Edison Electric Illuminating Company of Boston. In 1935, 
assumed the duties of his present position. 
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against corrosion by a rubber latex paint known as Sealvule. 
The water enters at the center through a baffle box and flows 
outward and over the edge into a collecting trough and then 
passes to the recirculating pump. The solids with about 10 
per cent of the water, are removed at the bottom and drain 
through rubber-lined steel or stoneware pipe to settling tanks. 

The recirculating pump is rubber-lined and has a rubber- 
covered impeller. One pump recirculates the water to the two 
scrubbers serving one boiler. 
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Fic. Erriciency Curve OBTAINED From a Test oF Two Scrus- 
BERS SERVING A 25(C,000 Ls peR Hr 


The duct work, fans, and flues to the chimneys are sand- 
blasted and painted with three coats of General Electric bake- 
lite varnish No. 428, which is baked according to a schedule 
to give the greatest toughness and corrosion resistance. 

Sufficient hot air, from the air-heater outlet, is discharged into 
the induced-draft fan inlets to reduce the relative humidity of 
the gas to approximately 50 per cent. 


OPERATION METHODS 


In operation, the gas enters near the bottom and is given a 
violent spin by the tangential inlet. Scrubbing water enters 
through the many nozzles in the central manifold and is broken 
up into a very fine spray. The gas is saturated by the spray 
water, the solid particles are wetted and their weight increased, 
and both the solid matter and excess water are separated from the 
gas by the centrifugal force of the gas spin. 

The gas flows upward and out through the central opening 
at the top, while the scrubbing water flows through the gas 
stream to the side walls of the scrubber. The water and solid 
matter drain down the side walls to the bottom of the scrubber 
and keep the side walls and bottom continuously wet and flushed 
off. The spinning gas scrubs the wet side walls continuously 
and aids materially in the scrubbing of the gas. 

The gas-pressure loss through the scrubbers is approximately 
1'/, in. of water at full load. 

These are, so far as known, the ‘only flue-gas scrubbers in this 
country using recirculated scrubbing water. At this plant, 
tidewater is not available, and recirculation is an economic 
necessity. The waste water in the boiler plant, such as boiler 
blowdown and backwash and rinse water from the zeolite sof- 
teners, is used as make-up water for the scrubbers. 

The recirculating pumps handle from 1.5 to 2.0 gpm per 1000 
cfm of gas scrubbed at full load. Since the quantity of scrubbing 
water is maintained constant, the water-to-gas ratio is much 
higher at light loads, which probably accounts for the higher 
efficiency of collection obtained at less than full load. 

The temperature of the recirculated scrubbing water varies 
from approximately 110 to 140 F, with temperatures for the gas 
entering the scrubber varying from 350 to 500 F. The acidity 
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of the scrubbing water, with 0.50 to 0.75 per cent of sulphur in 
the coal, varies from 0.05 to 0.30 per cent of acid calculated as 
sulphuric acid. While most of the acid in the water is sulphuric, 
traces of hydrochloric, nitric, and sulphurous acids have been 
found. The pH of the scrubbing water varies from 3.00 to 1.75. 

This water is very corrosive, and very few metals or alloys 
that will withstand its corrosive action are available. As will 
be noticed, nonmetallic materials are used exclusively in the 
construction of these scrubbers wherever a possibility of scrub- 
bing water being present exists. Four of these scrubbers have been 
in operation 6 years and two of them for 5 years. We feel that 
the major design and operation problems have been solved, and 
that the scrubbers are now developed to a point where they can 
be installed with the confidence that they will operate satis- 
factorily for the purpose intended. 

A careful test has been conducted on the pair of scrubbers 
serving one of the 250,000 lb per hr boilers. Although any 
test on dust-catching apparatus is open to question, we believe 
that the results of this test are reliable. Fig. 2 shows the effici- 
ency curve obtained from this test. During the last two runs, 
the dust content of the entering gas was very low, 0.600 to 
0.276 g per cu ft. Had the content been higher, the efficiency 
of collection would also have been better. 


ScruUBBERS IN Goop ConpITION AFTER 6 YEARS SERVICE 


The steel shells and their acidproof-brick linings have been 
free from trouble and, after 6 years of operation, appear to be in 
as good condition as the day that they were installed. Cast- 
iron spray-nozzle manifolds, 1 in. thick, were used at first and 
had a life of about one year. Now, manifolds of Haveg are 
being used, and some of these have been in service two years. 
This material appears to have a long life if the scrubbers are 
not operated without water but does have a somewhat lower 
temperature resistance than would be desirable. Nozzles of 
an acid-resisting alloy were used at first and failed within less 
than 6 months. Molded bakelite nozzles were tried and failed 
within 10 days. Nozzles of hardened voleanic lava have been 
in service 2 years and appear to have a life of three or more years. 

To guard against high temperatures in the scrubbers, a set 
of emergency spray-nozzles has been installed in the scrubber 
inlet and is supplied with water from the scrubber make-up 
pumps. An automatic valve admits water to these nozzles 
whenever the pressure delivered by the recirculating pump 
falls below a safe value. 

Where rubber-lined pipe is used, a hard-rubber lining has 
been found to resist the corrosive action of the scrubbing water 
best. Soft-rubber linings best resist the erosive action of the 
solids carried in suspension in the scrubbing water. Some semi- 
hard-rubber-lined drain lines have been in continuous service 
for 6 years without failure, while some soft rubber-lined pipes sub- 
jected to turbulent flow have failed completely in 3 years. When 
properly installed, chemical-stoneware drain lines seem to be 
well suited for handling the scrubber water and entrained solids. 
We have not had a long enough experience to secure data on the 
life of this materia] but intend to use it in the future. 

The Seaivule latex paint stands up on the Callow cones satis- 
factorily for 1 year. The surface is then cleaned and patched, 


and two additional coats applied with a paint spray gun. This 
treatment is relatively inexpensive and is satisfactory. 
The rubber-lined pumps with rubber-covered impellers 


were manufactured by the Allis Chalmers Mfg. Company, and 
the rubber work was done by the Manhattan Rubber Company. 
They operate at a head of approximately 50 lb and have per- 
formed very satisfactorily as recirculating pumps. 

By sandblasting and repainting the ducts on the discharge 
of the scrubbers and the inside and rotor of the induced-draft 


fans annually, they apparently will last for many years. After 
6 years of operation, the fans are almost as good as new, but, if 
the fans and rotors are not repainted annually, serious corrosion 
takes place. 


DEHYDRATION OF SoLip MATTER 


Another problem, which has been difficult to solve, has been 
the dehydration of the solid matter after it has been caught by 
the scrubber. The solids scrubbed from the boiler-flue gases 
are so small in size that they settle very slowly and do not, by 
settlement, form a compact mass which can be handled by ordi- 
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nary means. The permeability of the solids is so low that remov- 
ing sufficient water from the voids to give a semidry cake which 
can be easily handled is very difficult. We have a device for 
this purpose in service which seems to offer a satisfactory answer 
to the problem. 

Fig. 3 shows how these scrubbers have been fitted into the 
Kneeland Street Station. As will be seen, they are located 
between the air-heater outlet and the induced-draft inlet. 

Many problems remain to be solved before the perfect ga 
scrubber is developed. In spite of the lack of fundamental 
research, however, many satisfactory gas-scrubber installations 
have been made and are in everyday operation. Many of us 
believe that the gas scrubber is the most satisfactory apparatus 
available for removing solid matter from boiler-flue gases. 
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Hell Gate Spray Zone Gas Washer 


By J. J. GROB,' NEW YORK, N. Y. 


F“Y ASH is difficult to remove from flue gases because of the 

large percentage of extreme fines. A substantial percentage 
of coarse grit may also be present at times. Many types of dust 
eliminator which proved to be fairly successful in dealing with 
stoker cinder have failed to provide satisfactory elimination of 
fly ash in connection with pulverized-coal boilers. Several types 
of spray eliminator for powdered-coal boilers have demonstrated 
that exceedingly high dust-eliminating efficiency is made pos- 
sible by washing the gases with finely divided water sprays and 
further indicated that the performance is not selective as to the 
size of dust particles. In the present spray-eliminator design, 
an important saving in water requirements has been made 
possible by combining the effects of inertia, downward flow, 
change of direction, and change of velocity together with the 
agglomerating action of the water sprays. 

The Hell Gate spray zone fly-ash eliminator is a compara- 
tively simple and compact arrangement for the application of 
sprays in the removal of fly ash from flue gases. It consists es- 
sentially of a reversing chamber with a spray header carrying a 
row of spray nozzles near the point of gas reversal, as shown in 
Fig. 1. 

The entrance chamber is positioned so that the gas flow is 
directed downward and the velocity is increased as the gas ap- 
proaches the spray zone. After it passes through the spray 
zone, the outlet passage is enlarged so that the gas can leave 
the spray zone at a reduced velocity as it turns abruptly upward. 
In its upward path, the gas is directed through corrugated or 
alternately spaced dehydrating plates to arrest entrained mois- 
ture and uncaught dust agglomerates. This arrangement is 
illustrated in Fig. 2. Jetting nozzles are provided to remove 
periodically accumulations of lodged fly ash from the dehy- 
drating plates, generally about two to three times per day. 

Three of these eliminators are now in service at the Hell Gate 
Station serving boilers Nos. 81, 82, and 83, each having a ca- 
pacity of 400,000 Ib of steam per hour. Due to crowded condi- 
tions in the eighth-boiler row, no other type of fly-ash eliminator, 
which might have been considered, could be accommodated in 
the limited space available. One hundred and fifty gallons of 
sea Water per minute is utilized in the spray zone of each elimi- 
nator. Sea water is employed in the spray zone as this is the 
cheapest. source of water supply, involving relatively small 
pumping charges. 

Many exhaustive tests were conducted on No. 83 eliminator 
which was the first installed. Fig. 3 and Table 1 indicate a 
general dust-elimination efficiency of 97 per cent and some details 
of test results. Methods of test followed experience gained with 
tests of various experimental catchers at Sherman Creek Station 
over a period of years. Multiple dust-sampling traverses were 
conducted at velocities corresponding to the gas velocity at the 


‘Engineer of Tests, New York Edison Company, Inc. Mem. 
AS.M.E. Mr. Grob was associated with the Electrical Testing 
Laboratories, New York, N. Y., from 1911 to 1914, when he accepted 
4 position at the main power station of the Hudson & Manhattan 
Railroad, Jersey City, N. J., where he remained until 1920. During 
this period, he was a student at Pratt Institute, Brooklyn, N. Y., in 
the electrical course, being graduated in 1917, and continued his 
studies at Columbia University by taking special courses and later at 
Polytechnic Institute of Brooklyn, receiving the degree of M.E. in 
1926. After leaving the Hudson & Manhattan, he was employed 
by the Dwight P. Robinson Co., as designer and checker on the 
mechanical and electrical features of the Colfax power station for the 
Duquesne Light Company, Pittsburgh, Pa., for a year. In 1921, 

was appointed to his present position with the New York Edison 
Company, Ine. 
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TABLE t CINDER-CATCHER TEST OF BOILER NO. 83 
Peripheral location 1E 2E 3E 4E 1W 2W 3W 4w 1 2 F 5 6 
Orifice no. 9 10 ll 12 13 14 15 16 1 2 3 4 5 6 
Separate Tests of the Individual Orifices (A) 
0.67 1.28 0.89 1.44 0.32 1.19 0.31 0.37 2.55 4.12 2.89 2.45 3.70 3.05 
10.05 19.20 13.36 21.60 4.80 . 86 4.65 5.55 76.5 123.6 86.7 73.5 111.0 91.5 
12.17 23.22 16.17 26.17 5.80 21.60 5.62 6.71 92.5 149.4 105.0 88.9 134.2 110.8 
1.36 .34 1.46 1.48 0.72 1.52 1.62 1.66 5.13 5.41 3.97 2.43 3.56 4.98 
Flue gas metered, cfm* 20.40 20.10 21.92 22.20 10.80 22.80 24.32 24.92 153.9 162.3 119.1 72.9 106.8 149.4 
Total flow, cu ft 24.66 24.32 26.52 26.82 13.08 27.58 29.41 30.16 186.1 196.3 144.1 88.1 129.2 180.8 
Total gas sampled, cu 1.44 1.50 1.46 1.47 eg 1.57 1.58 1.63 ea ; : ; 
ftb 21.60 22.52 21.92 22.04 17.57 23.58 23.72 24.43 
26.16 27.22 26.50 26.68 21.23 28.51 28.68 29.60 
0.35 0.71 1.05 1.38 | 1.66 1.55 1.56 
25 10.66 15.75 20.69 18.16 24.92 23.22 23.40 
6.35 12.89 19.07 25.02 21.98 30.16 28.12 28.32 
Total Results for the Individual Orifices (B) 
{ 69.34 87.65 88.26 104.7 62.09 107.9 91.83 94.79 278.6 345.7 249.1 177.0 263.4 291.6 
| 6.6 96 10.9 21.0 5.2 14.0 16.4 17.9 1.35 0.75 1.85 0.95 1.65 0.85 
Total gas sampled, cu | 1470 1690 1905 3100 1290 2005 2750 2920 74.7 33.4 114.6 82.7 96.8 44.9 
ft® | 2.69 3.09 3.48 5.67 2.36 3.67 5.04 §.34 0.137 0.061 0.210 0.152 0.177 0.082 
Dust, g 
Density per 1000 cu ft Totals for Inlet and Outlet (C) 
sampled, grains 706.5 1605.4 
Cinders per 1000 |b of | 101.6 7.40 
gas, lb | 2220 71 
4.06 0.130 


« Corrected for a temperature of 68 F and a pressure of 30 in. of mercury. 
» At a temperature of 68 F and a pressure of 30 in. of mercury. 
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position of sampling. The gas samples were drawn through 
filter bags and then through metering orifices. 

Many kinds of material were exposed to the gas and salt water 
to determine their suitability for corrosion resistance. In the 
recent installations on boilers Nos. 81 and 82 lead-lined steel 
plates are used for the walls exposed to water. The lead is '/, 
in. thick and is bonded to the steel by the homogeneous process. 
Fig. 4 indicates how the welded joints are built up with lead and 
Fig. 5 shows a sample of lead-clad plate. While planning for 
corrosion and erosion resistance was necessary, this problem has 
been reduced to the minimum for wet catchers because of the 
small quantity of spray water, use of dehydrating plates, and 
avoidance of gas supersaturation. 

The bottom pan of No. 83 eliminator consists of */,-in. steel 
plates, bare except for occasional coats of emulsified asphalt. 
This unit has been in service over 5 years, and the only attention 
that the pan has required has been the welding over of rivet heads 
which had been worn down by the abrasive action of grit in 
motion. If future experience indicates any need of further pro- 


Composition of gas: CO:, 10 per cent; Ox, 0.5 per cent; Ne, 80.5 per cent. 
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tection, the pan could be lined with brick or cement. The most 
severe corrosion service is experienced on the walls of the con- 
tainer just under the dehydrating plates where acid concentra- 
tions may build up. This situation has been met by using homo- 
geneously bonded lead-clad plates. Since the operating availa- 
bility of the eliminator greatly exceeds the operating availability 
of the boiler, no by-passes have been considered necessary 00 
the eliminators installed at Hell Gate. 

Operating attention is simple, involving the backwashing of 
twin strainers on the water supply and jetting the dehydrating 
plates about once every 8 hours. Inspection of the nozzles takes 
place on a Sunday outage. Fouling of nozzles is infrequent. [0 
the course of a year and a half or two, when the dehydrating 
plates begin to wear thin, any convenient boiler outage involving 
two or three days is utilized to replace the plates. As the transite 
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Fig.5 or Leap PLATE BONDED TO A STEEL PLATE OF 
Equa. THICKNESS 


dehydrating plates are comparatively cheap, considerable latitude 
in the selection of time for replacement is provided. 


Cindervane Fan 
By H. F. HAGEN,: BOSTON, MASS. 


HE CINDERVANE was, so far as I know, the first successful 

device to utilize changes in direction of flow that occur in a fan 
impeller to separate dust from flue gases. The possibilities of 
such action were emphasized in 1916 by W. 8S. Finlay who wrote 
a complete and seemingly serious specification calling for cinder- 
eliminating fans for induced draft at the 59th Street Station 
of the Interboro Rapid Transit Company. In an interview with 
a rather bewildered fan engineer who had never heard of any 
such apparatus, Mr. Finlay explained that, while he knew noth- 
ing of the kind was on the market, he thought there should be 
and he wanted us all to consider the problem. 

About a year later, our research department invited Mr. Finlay 
to witness a test on a model 24-in. fan. The results of the test 
Were satisfactory and two 12-ft fans were ordered. The im- 
peller design was based on the steel-plate paddle wheel and 
provided outwardly inclined channel irons attached to the blades 
to convey the cinders to collecting chambers in the sides of the 
casing. 

The fans were installed and put in operation in 1918 and 


' Manager of research, B. F. Sturtevant Company. After being 
gtaduated from Stevens Institute of Technology in 1907 with the 
e of M.E., Mr. Hagen worked for approximately 18 months as 
piece checker in the Erie Railroad shops at Cleveland, Ohio. For about 
the same length of time, he was an electrical and construction engineer 
with Walter Kidde, New York, N. Y., and in 1910, accepted the 
Position of engineer of design and tests with the Green Fuel Eco- 
tomizer Company, Beacon, N. Y. He severed this connection to 
accept his present position in 1916. 
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gave a satisfactory performance. They handled the required 
duty at a fair efficiency and more than met the guaranteed 
cinder-recovery efficiency. Each fan actually threw down 
250 Ib of cinders per hour, when the boilers were operating 
at high load, which in those days, was 250 per cent of the 
rating. 

Mr. Finlay offered us an order for 14 more units to equip the 
station completely but required a delivery that we could not meet in 
view of the business already in our shop. I have always felt 
that, if we could have filled that order, the history of the Cinder- 
vane would have been different. That installation would, in 
all probability, have resulted in a large business and encour- 
aged research and commercial activity. As it was, the device 
achieved some notable successes and a slowly increasing busi- 
ness, about a quarter of a million dollars in the next 5 years. The 
advent of pulverized coal and the large increase in induced- 
draft pressures made that specific design obsolete. 

The Cindervane was a successful apparatus and may serve to 
illustrate the advantages and disadvantages of this type of 
cinder eliminator. The former are 


(1) Draft loss for the cinder elimination is small. The re- 
quired modification of the fan blades reduces the fan 
efficiency less than 5 per cent. 

(2) Only a small amount of additional space is required. 

The disadvantages are more numerous; they are 

(1) The blade becomes a limiting factor from a standpoint 
of strength 

(2) Abrasion is rapid 

(3) Dust-separating efficiency is low with micromic sizes. 

(4) Passages for the separated dust are necessarily small 
and some trouble from clogging may be expected. 


However, the writer’s laboratory experience has shown that 
(3) applies to all attempts at dry centrifugal separation in limited 
space, so that this objection is generic rather than specific and 
typical. 

In view of modern trends in power-plant design, further de- 
velopment of the dust-separating fan impeller do not appear 
commercially attractive. 


Cleaning Combustion Gases by 
Electrical Precipitation 
By C. W. HEDBERG,' BOUND BROOK, N. J. 


(COTTRELL electrical precipitation processes are an estab- 

lished means of fly-ash and cinder elimination. Their 
principal application, in this field, is in those cases where removal 
of from 90 to 98 per cent of the total suspended material carried 
by the gases is necessary or desirable. At the end of 1935, 19 
installations were handling gases from 61 boilers with a normal 
steam output of 19,700,000 lb per hr in the last year, users have 
purchased 12 installations for 25 boilers with a combined steam 
output of 6,800,000 Ib per hr. 


THREE PREcIPITATOR TYPES AVAILABLE 


The composition-plate precipitator continues to be preferred, 
six of the twelve installations purchased in 1936 being of this 


1Chief of technical and development department, Research 
Corporation. Mr. Hedberg’s connection with electrical precipitation 
dates back to 1916 when he first joined the Research Corporation, 
and this connection has continued except for a three-year period 
spent in the research department of the New Jersey Zinc Company. 
He is a graduate of Worcester Polytechnic Institute, a member of the 
American Institute of Chemical Engineers, and author of several 
papers on the application of electrical precipitation. 
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type. Because of weight and available-space considerations, two 
additional types, have been added, one embodying a rod- 
curtain collecting electrode and the other a vertical-flow pocket 
electrode. Five of the former and one of the latter have been 
built in 1936. 

Construction and operation of the composition-plate precipi- 
tator is generally known and requires no extensive description. 
It is built in two or more separate banks of electrodes in series, 
each section consisting of as many as 15 parallel ducts formed by 
large concrete slabs that act as grounded collecting electrodes. 
Discharge electrodes hang centrally in the ducts and, when ener- 
gized, charge the particles suspended in the gases and remove 
them from the gas stream to the collecting electrodes. When 
the deposit has reached a certain depth, a large portion loosens 
from the collecting electrode and drops into the hopper as heavy 
agglomerate, and the remainder is removed by a scraping system 
at regular intervals. 

In general arrangement, the rod-curtain precipitator is 
markedly similar to the concrete-plate unit, the principal dif- 
ference being in the type of collecting electrode and the method 
of dust removal. Instead of large concrete plates, the collecting 
electrodes are curtains consisting of a pipe framework in which 
are threaded a number of vertical parallel rods. These curtains 
are hung from the top so that they can be moved in their plane 
and forcibly returned against an anvil at the bottom, thereby 
vibrating the curtain throughout and dislodging the accumulated 
dust which falls into the hoppers. The rapping is carried out 
continuously or at necessary intervals through a mechanism actu- 
ated by solenoids, the whole operation being automatically 
controlled. For equal gas volumes, the height and width of the 
rod-curtain precipitator are essentially the same as dimensions for 
the concrete-plate type. The former is 3'/, ft shorter and 
weighs approximately 45 per cent less than the latter. 

The vertical-flow pocket-electrode precipitator is particularly 
adapted to removal of cinders and soot from the combustion gases 
of stoker-fired boilers, and this has been its principal application. 
On fly ash from pulverized coal, it is just as effective as the two 
other types but is somewhat more expensive, and this fact limits 
its use to those cases where it can be furnished in economic- 
size units and fitted into existing arrangements to effect substan- 
tial savings in costs of supports and flue connections. 

This precipitator differs from the other two in that the gases 
to be cleaned enter through the hopper, rise vertically through the 
ducts and leave through a breeching connected into an existing 
stack or through a stub stack which is carried on the precipita- 
tor itself. 

The ducts are formed by parallel electrodes built up of six in- 
dividual sections or hung from a top member. Pockets are formed 
in the sides of these boxes which provide louver-like openings 
into the interior, and, when the electrodes are vibrated by a 
mechanism provided for this purpose, the dust deposited on the 
electrode surface is loosened and falls through the openings into 
the box and is carried down into the hopper in a quiescent zone 
where the possibility of its becoming resuspended in the moving 
gases is little, if any. The arrangement of discharge electrodes 
and supports is, in general, identical with that in the other types 
described. 

While the height is greater, it occupies less floor space than the 
other two types. In weight, it compares favorably with the rod- 
curtain precipitator. 


METHODS OF ENERGIZING 


The usual method of energizing precipitators by rectified, full- 
wave current at a high potential is well known, and, when so 


energized, the power consumption is approximately 3 kwhr per 
1,000,000 cu ft of gas cleaned. In the last year, mechanical 
rectifiers have been designed for a circuit employing half wave 
instead of full wave, and this promises to be a very definite ad- 
vance in the art. 

One half-wave mechanical set will do the work of two full-wave 
electrical sets with approximately half the power consumption 
and no measurable loss in efficiency. Electrical operation is 
smoother with less arcing in the precipitator, which has sub- 
stantially decreased the scraper-chain and discharge-electrode 
breakage that has occurred on some installations as a result of 
excessive arcing. 


GENERAL ARRANGEMENT OF PRECIPITATORS 


Most of the early precipitators for this service were located on 
the power-house roof between the induced-draft fan and the 
stack. In later years, and particularly on present new construc- 
tion, most of them are located after the preheaters and before the 
induced-draft fans, and, while some continue to be located on the 
roof, a number are wholly within the buildings. 

Not only does the location ahead of the fans markedly de- 
crease fan-blade errosion, but it also simplifies the problem of 
distributing the gases over the cross-section of the precipitator. 
These desirable results are due to the fact that the gases leaving 
a preheater are usually moving through a much wider flue and 
at lower velocities than at the exit of the fan. 


OPERATING RESULTS 


Builder’s tests, employing the Brady method to determine 
average concentration of suspended matter in the gases through- 
out the cross-section of the inlet and outlet flues, have been con- 
ducted on most of the concrete-plate installations to secure per- 
formance data. These have shown removals consistently in 
excess of 90 per cent at normal ratings and, as these ratings are 
exceeded, the efficiency shows a drop of about 5 per cent at 125 
per cent of rating and 12 per cent at 150 per cent. Generally, 
the percentage efficiency is slightly less on material coarser than 
200 mesh than on finer, but, since the former usually comprises 
less than 10 per cent and in some cases as little as 5 per cent of 
the total suspended material, this characteristic is of minor im- 
portance. 

As rod-curtain precipitators have been built only within the last 
year, operating results are now available on only one precipitator 
of this type. This showed an average efficiency of 94 per cent 
at rated volume and 90.3 per cent during flue-blowing periods. 

With the pocket-electrode type of precipitator, efficiencies in 
excess of 90 per cent have been obtained in removing cinder, 
ash, and soot from combustion gases from stoker-fired boilers. 
The result has been practically invisible stack exits. 

Static-pressure drop through a precipitator amounts to ap- 
proximately 0.2 in. of water at normal ratings. Hence, no ap- 
preciable interference with draft conditions occurs. 

Maintenance costs on the units have been very low. A recent 
survey made by a disinterested party indicates that they will 
not exceed 1 cent per ton of coal fired. 

Increasing attention is being given to the inclusion of means 
for eliminating the discharge of cinders and fly ash from boiler 
stacks, particularly where new construction is involved. Further- 
more, guarantees of 95 per cent and higher have already beet 
specified on two installations so that’ the trend may be toward 
even cleaner exits. To the present time, electrical precipitators 
have played an important part in solving the problem, and con- 
tinuous efforts are being put forth to increase their utility in this 
field. 
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Thermix Recirculator and Controlled 
Multicyclone 
By L. C. WHITON, JR.,! PORT CHESTER, N. Y. 


()RDINARILY the apparatus under discussion is considered 

as dust collectors. They might be more appropriately called 
dust losers because we are not interested in the material collected. 
As a matter of fact, many letters have been received from plants 
using our dust collectors, telling what a nuisance it is to collect 
so much dust. We are interested in the quantity and kind of 
dust that is lost. 

At present, if between 8 and 10 per cent of the fly ash in a 
pulverized-fuel installation is allowed to escape, that is generally 
considered to be satisfactory operation. Our attention should, 
therefore, be concentrated upon what type of dust escapes, as 
well as how much is collected. The quality from a nuisance 
standpoint is fully as important as the quantity. 


Fine Dust ConstiruTEs THE MINIMUM NUISANCE 


We recently made a test on fly ash containing 22 per cent of 
combustible from a pulverized-fuel installation. The average 
dust escaping the “thermix multicyclone,”’ which amounted to 
8.2 per cent of the total, was 11 microns with no particle coarser 
than 19 microns. The analysis of the combustible in the escaping 
dust was 15 per cent. This dust, according to Stokes’ law, would 
travel approximately 8 miles in a 5-mile wind from the average 
stack. This was then compared with dust which averages 200 
mesh and coarser. The combustible content in this case was 46.4 
per cent against the average 22 per cent in the ash from the boiler. 
Even though all of this dust were 200 mesh, Stokes’ law indicates 
that it would drop to the ground from the same height in less 
than 1000 ft of travel. Considering the quality of the material 
lost as the important point, fine dust constitutes the minimum 
from the nuisance standpoint. We feel that this point has been 
neglected in the past, but that, in the future, qualitative as well 
as quantitative dust collection will be borne in mind. 

Of the two types of dust collector manufactured by the Prat- 
Daniel Corporation, the first is the “thermix recirculator,” and 
the second is the “thermix controlled multicyclone.” Briefly 
described, the recirculator is of the skimmer type and was the 
first of the type introduced in this country. The original in- 
stallation was made in 1928 after 250 operating plants abroad 
were so equipped. 


Dust CoL_ecrors 


Dust collectors of the skimmer type have three essential parts. 
One is a circular passage in which the dust is concentrated toward 
the periphery, the second is the cutoff or skimmer opening along 
the periphery for withdrawing this dust plus a small percentage 
of gas, and the third is a cyclone for precipitating the concentrated 
dust in the gas with which it is withdrawn. 

Since a certain amount of resistance must be overcome, a fan 
of some type is required and may be the induced-draft fan itself, 
or may be incorporated with the apparatus, as in the recirculator 
which also frequently acts as the induced-draft fan. The position 
of the fan wheel, in relation to the primary circular passage, is of 


' President, Prat-Daniel Corporation. Mr. Whiton was graduated 
from Sheffield, Yale University, in 1912 and received a master’s de- 
gree at Columbia University in 1913. His early experience was in 
connection with engineering problems for the recovery of waste 
products in the by-product coke-oven industry and later in the oil 
industry. He has been president of the Prat-Daniel Corporation 
Since its inception in 1924. He is the author of numerous papers on 
the subject of induced-draft fans, heat-recovery devices, and par- 
ticularly on dust collection from flue gases, in which he has specialized 
for the last ten years, holding a number of patents in that connection. 
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considerable importance. If the fan is piaced before the primary 
concentrator for the dust, the greatest suction in the entire system 
will, of course, be at the fan inlet. Any dust that escapes the 
secondary cyclone can, therefore, be brought back to the fan inlet 
and again passed through the primary concentrator. 

If the fan is placed beyond the primary concentrator, the con- 
trary will be true and without an auxiliary fan, the dust cannot 
be sent through the primary concentrator a second time. A more 
complete discussion of these two points, which have a serious 
influence on the degree of collection, is contained in an article? 
that was published recently. 

The recirculator has the fan placed before the primary con- 
centrator, thus allowing natural and normal recirculation from 
the cyclone to the primary concentrator a second time. To take 
some simple figures, assume that 90 per cent of the dust is con- 
centrated in the primary passage and passed to a cyclone which 
is 80 per cent efficient. Without recirculation, the overall 
efficiency would be 0.8 X 0.9, or 0.72. With recirculation, ac- 
cording to the formula in the article mentioned, the collection 
would be 87.8 per cent. These percentages of concentration in 
the primary concentrator and collection in the cyclone can be 
varied in any desired combination but the fact is still evident 
that, with recirculation, a higher collection will result than with- 
out it, although not necessarily precisely the calculated theo- 
rectical amount. 

The advantage of removing the dust before it reaches the fan 
blades would be of importance were it not that, in the recirculator 
where the fan is placed before the concentrator, cast wearing 
surfaces are placed on the fan blades, even with high-speed fans. 
These blades can be replaced without removing the wheel or the 
necessity for rebalancing when new blades have been installed. 
Approximately 50 per cent of the recirculators in the United 
States operate upon pulverized fuel and are doing entirely satis- 
factory jobs for the users, and the other 50 per cent operate upon 
stoker firing. 


UtILizaTION OF CENTRIFUGAL Force In Dust CoLLEcTION 


However, to obtain the highest degree of collection with 
pulverized fuel which is frequently required in the central-station 
field, with an assurance that less than 10 per cent will escape, we 
generally advocate the use of the thermix controlled multi- 
cyclone. Basically, the formula for centrifugal force is mV?/r, 
and the smaller the radius r is, the greater will be the centrifugal 
force. Furthermore, this force varies as the square of the velocity 
V of the gas. 

To utilize this principle, the multicyclone is composed of a 
series of cast-iron cyclones approximately 2 ft in diameter ar- 
ranged in parallel to insure high collection. Tests have shown 
that a 1-ft cyclone will increase collection approximately 2 per 
cent, but a 3-ft cyclone decreases collection approximately 2 
per cent, and, for all practical purposes, a 2-ft cyclone gives 
sufficiently high collection in a limited space. For example, the 
gas from a boiler developing 100,000 lb per hr of steam can be 
handled in a ground area of approximately 220 sq ft or 110 sq ft 
if double-decked. 

Two methods are used to maintain a constant velocity at vary- 
ing loads. These methods are necessary because, if the load 
drops to one half the maximum designed load, the velocity will 
be one half and the centrifugal force one quarter. One method 
used is to decrease the number of cyclones in the circuit propor- 
tionately to the decrease in load, thus maintaining the collection 
constant at all loads. The other method is to partly close the 
dampers by utilizing a damper that throws the dust to the out- 
side edge of the cyclone, thus mechanically compensating for 


2 “Recirculation in Skimmer Type Dust Collectors,” by L. C. 
Whiton, Jr., Power Plant Engineering, vol. 40, 1936, p. 705. 
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lower centrifugal force due to lower velocity within the cyclone. 

It would be impossible in this short paper to give fully results 
of the many tests which have been run to determine the efficiency 
of the thermix multicyclone. A typical example, however, is a 
test run some time ago under the supervision of and checked by 
three central-station engineers, using pulverized-fuel dust which 
had run 80.25 per cent through a 325-mesh screen. The overall 
collection efficiency at 400 F was 91.8 per cent. When operated 
at 70 per cent of the load the collection increased to 93.8 per cent 
due to the method of control used with this system. 

To summarize, the recirculator, which overcomes its own re- 
sistance because of its fan, or which may act as an induced-draft 
fan, is important as a dust collector because of the recirculation 
principle. The multicyclone is the best development, of which 
we know, from the standpoint of extremely high collection with 
mechanical collectors. Both systems allow the least obnoxious 
type of material to escape when our attention is directed to 
the quality as well as quantity of dust that escapes, rather than 
having our attention concentrated only on the dust collected. 


Riley Flue-Gas Scrubber 
By 0. CRAIG,! WORCESTER, MASS. 


REMOVAL of fly ash from the gases passing up the chimney 
as a result of combustion is accomplished in the Riley flue- 
gas scrubber by causing the particles of ash to impinge on vertical 
carbon plates as the gas travels in staggered paths between the 
elements of the device. The surface of these plates which is 
exposed to the passage of the gas is kept wet, and this moisture 
causes the particles to adhere. The flow of water over the 
surface of the plates removes the accumulation of particles. 

The construction of the scrubber is shown in Fig. 2. A 
series of flat carbon elements or plates, A, are arranged vertically 
in staggered formation between two horizontal tanks and two 
vertical side walls constituting a tunnel. Top tank B is a 
shallow, open reservoir into which water is fed at a constant 
rate through a pipe manifold C. Water, from the top of the 
tank, flows by gravity through metering orifices D into distributor 
boxes EZ. Elements are built in sections, each tied together 
rigidly with two lead-coated steel rods that are completely em- 
bedded in the carbon, and stand on the flat floor of the bottom 
tank f. The upper ends of the elements are guided by ribs g 
cast on the underside of the top tank. Elements are inserted 
through access doors h provided in the side walls of the housing. 
Five orifices 7 in each distributor discharge water over both 
surfaces of each element. Three orifices feed the surface facing 
the gas flow and two orifices feed the opposite side. 


1 Manager, engineering department, Riley Stoker Corporation. 
Mem. A.S.M.E. Mr. Craig was graduated from the University of 
Illinois in 1909 with the degree of B.S. in mechanical engineering and 
spent seven of the next nine years in teaching mechanical engineering 
at University of Colorado, Vanderbilt University, University of Texas, 
and Iowa State College. He spent one year, 1911-1912, as an assist- 
ant engineer at the United States Forest Products Laboratory, Madi- 
son, Wis., and conducted a research on timber seasoning, and for a 
year, 1914-1915, held the position of combustion engineer in the 
chain-grate department of the Laclede-Christy Clay Products Com- 
pany, St. Louis, Mo. In 1918-1919, as mechanical engineer with 
the Charles L. Pillsbury Company, Minneapolis, Minn., Mr. Craig 
had charge of the operation of all State power plants under the 
State Board of Control; and the following year, he was engaged in 
perfecting processes for the utilization of powdered coal for the Mc- 
Laughlin Coal Reduction Company, Decatur, IIl., as its chief engi- 
neer. Since 1920, when he received the degree of M.E. from the 
University of Illinois, Mr. Craig has been associated with the Under- 
Feed Stoker Company of America, Detroit, Mich., and the Riley 
Stoker Corporation, Worcester, Mass., as research engineer until 
1936, and, since then, in his present capacity. 


The gases travel in staggered paths between the elements A. 
In making changes of direction, the solid particles are thrown out 
of the path of the gases against the wet plates. These particles 
adhere to the moisture on the wet plates and are carried down 
by the water into the lower tank f. Water and solid particles 
collected in the lower tank are discharged through a manifold 
Jj, into a disposal system. 

Corrosive acids are formed by the combination of scrub water 
and certain elements in the gases. This requires the selection of 
materials for construction which resist this corrosive action. 
Sides and the bottom tank are made of steel and are completely 
lined with acidproof tile laid in acidproof cement. Top tanks 
are made of cast iron with proper protection on the underside 
against direct attack of the flue gases. Parts most susceptible to 
corrosion are vertical elements or plates. These are made of ex- 
truded carbon, and long use indicates practically no deterioration. 

Dust-Removal Efficiency. Efficiency of recovery expressed in 
percentage of dust loading is plotted against percentage of 
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scrubber capacity in Fig. 1. Maximum scrubber capacity is 
equivalent to maximum boiler capacity. Rated scrubber capacity 
is usually chosen to correspond to what might be considered 
as a normal load on the boiler. At rated capacity, the velocity 
of gases entering the scrubber is approximately 1000 fpm. From 
85 to 100 per cent of rated scrubber capacity, recovery is 9 
per cent or more of dust loading. At half the rated capacity, 
recovery drops to about 75 per cent of dust loading. 

Draft Loss Through Scrubber. The draft loss is also shown by a 
curve in Fig. 1. At rated capacity, this is approximately 0.8 
in. of water and at half of rated capacity, approximately 0.2 in. 

Drop in Flue-Gas Temperature. Due to contact with cold 
wash water, the temperature of gases leaving the scrubber is 
less than that at entering. Experience has shown that with 
water entering the scrubber, at 60 F, the drop in flue-gas tem- 
perature varies from 120 to 250 F, corresponding to inlet-gas 
temperatures of 350 to 600 F, respectively. Reduction in gas 
volume due to decreased gas temperature compensates for the 
draft loss through the scrubber, so that the same size of induced- 
draft fan is still suitable, and the power required for this fan 
remains practically the same. . 

Water Requirements. Standard practice is to supply water at 
the rate of 2'/, gal per 1000 cu ft of flue gas at the maximum 
scrubber rating and to maintain the water supply constant re 
gardless of variations in load. This corresponds to approxi 
mately 6 lb of water for each pound of coal burned at maximum 
boiler capacity. 
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Fie. 2 Construction 


Moisture Pickup. Tests have shown that the quantity of water 
picked up by flue gases in passing through a Riley flue-gas 
scrubber are less than half of the initial quantities of water 
vapor present in the gases due to the burning of hydrogen in the 
coal and to between 5 and 10 per cent of free moisture in the 
coal. The resulting rise in dew-point temperatures of the gases 
due to this moisture pickup is between 8 and 18 F. 

Usually the flue-gas scrubber fits into an existing boiler- 
plant design readily. In one particular case, the scrubber is on 
the same floor as the induced-draft fan. The gases pass through 
the boiler, an air heater, then through the scrubber and into 
the induced-draft fan. The space which is occupied by the 
_ is approximately that occupied by the induced-draft 
an, 


oF Ritey Five-Gas ScruBBEeR 


Collection of Fly Ash in the 


Nuisance Range 
By STANLEY BROWN,! NEW YORK, N. Y. 


[DIFFERENT thoughts on the subject of proper requirements 
for efficiency in fly-ash collection appear to be as many as 

the number of devices offered. Some have felt that an elimi- 
nator’s value rises directly with the total collection efficiency 
which it exhibits. However, according to a reasonable sizing 
‘ Buell Engineering Co., Inc. Mr. Brown was graduated from 
the electrical-engineering course of Columbia University in 1902. 
He served for one year with the Cornell Iron Company on structural- 


steel work and for two years with Peet and Powers on electrical 
contracting. He was resident manager of the New York office of 
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acceptance as defining the lower end of the nuisance range, the 
following thought is of interest. An overall collection efficiency 
of 90 per cent might be secured by catching exactly 90 per cent 
of all particles of various sizes, while a device having an overall 
efficiency of 80 per cent might actually possess an average col- 
lection efficiency of 95 per cent throughout the nuisance range, 
and, if so, this would be preferred. 

We do not have to turn many pages in the power-plant history 
to find a parallel with the present progress in fly-ash collection 
achievement. With the awakening of wisdom in “heat balance,” 
strife raged through several years as to which plant could show 
the highest efficiency in British thermal units per kilowatthour. 
But it was soon evident that efficiency is of primary interest only 
when referred to the proper denominator, or shall we say when 
referred to the proper size of particles, which particles, in power 
development, are the dollars per 1000 kwhr. 


GREATER S1zE ConsclousNESS NEEDED 


So let us think together wisely. What is required? 

If we consult our brothers on the Continent where there are 
many times the number of fly-ash eliminators that have been 
installed in the United States, we find the following reply: “In 
about May of this year, the imposed requirement for avoiding 
fly-ash nuisance was carefully refined to the specification that 
the collector must catch 90 per cent of all particles of 30-mi- 
cron [lz = 0.001 mm = 0.000039 in.] size, submesh 500, and 
larger.” 

In this regard, Dr. Otto Schoene, a professor at Charlotten- 
burg University, who has had extremely broad experience in 
fly-ash study, states that if a fly-ash eliminator could accomplish 
a 90 per cent collection efficiency for all particles of 20-micron 
size and larger, the result would be beyond criticism. 

Are we sufficiently “size conscious?” The smallest size of 
particle that is usually observed by unaided eyesight, with 12 ft-c 
of illumination, is approximately 35 microns (submesh 450). 

Finely ground cosmetic powders of the “air-spun” variety, 
which are prepared in special micronizers, comprise particles 
having a size of about 27 microns (submesh 530). 

Let us now give a moment to the consideration of falling time 
as related to particle size, and assume the moderate stack height 
of 150 ft with sufficient discharge velocity from the stack to 
carry the particles another 50 ft. Table 1 gives data on the 
falling time in still air from a height of 200 ft. In a separate 
column is indicated the distance that the particles of various 
size would travel before traversing the vertical distance of 200 
ft when subjected to a breeze of 5 mph. Weather statistics re- 
port that, at a height of 200 ft from the ground, air motion of 
less than 5 mph is rare. 

TABLE 1 TIME OF FALL AND DISTANCE TRAVELED BY VARI- 
OUS SIZES OF PARTICLES 


Sizing of fly-ash particles Time to fall 200 ft Travel (in 5-mph breeze) 


Microns Submesh in still air, hr while falling 200 ft, miles 
20 625 0.715 3.58 
10 1250 2.40 12.00 
5 2500 9.20 46.00 
2 6250 85.60 428.00 


A significant element within the term “nuisance’”’ is the per- 
centage of combustible in the fly-ash particles. Since this 
content greatly increases with the increase of particle size, the 
wisdom of attacking the “offenders” that are the most objec- 
tionable is apparent. If the dust has a value, catching it in 
terms of total-collection efficiency is worthy of consideration. 


the Weston Electrical Instrument Company for 11 years; and for 
17 years was sales manager with Griscom-Russell Company. He 
also spent two years in miscellaneous research. He has been with 
the Buell Engineering Company for two years as director of the 
dust-collection division. 


Whereas, if the dust is merely annoyance, let us deal directly with 
the nuisance range. 


DESIGN AND PERFORMANCE OF BUELL ELIMINATOR 


And now a few words on the Buell eliminator (van Tongeren 
system) which, according to the known performance of approxi- 
mately 90 fly-ash installations, is offered to give proper battle 
against “fly-ash nuisance.” Fig. 1 illustrates the compound 
type of dust eliminator, comprising a concentrating chamber and 
a cyclone. The total gas to be cleaned enters the chamber, 
the dust seeks a position adjacent to the volute casing, and is 
shaved off with between 10 and 15 per cent of the total gas for 
actual collection in the cyclone. 

Fig. 2 again shows the compound type of eliminator and in- 
dicates the double-eddy current flow in the concentrating cham- 
ber and in the cyclone. In both instances, the influence is out- 
ward at the meeting of the eddy-currents, and the cleansed gas 
is discharged at this zone. 

The cyclone is different from the earlier art in (a) low position 
of gas inlet to the top cylinder, (b) low position of the mouth of 


Fic. 1 Compounp Type or Dust ELIMINATOR 


the outlet pipe, (c) by-pass dust channel, and (d) increased ratio 
of overall height to a diameter of top cylinder. 

Providing these features in the design gives a dust-concen- 
tration space above the gas inlet and permits a steady shaving 
off of dust from this zone for by-passing through the outside 
dust channel, which is located away from the mouth of the 
outlet pipe. This dust reenters at the mid-cylinder and the 
downward flow of the lower half of the double-eddy current 
promotes the travel of this dust to the bottom dust outlet. 

Fig. 3 is a performance curve expressing the relation between 
particle size of fly ash and collection efficiency. This has een 
developed from reports of independent engineers who were 
retained by purchasers in connection with acceptance tests «nd 
includes eliminators having unit capacities as high as 118,000 cim. 
As collection efficiencies ranging from 90 to over 93 per cent 
have been reported for particles of the 20-micron size and similar 
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values of between 82.4 and more than 86 per cent have been re- 
ported for the 10-micron sizing, the values shown on the curve 
are conservative. Many tests showed average collection-effi- 
ciency variations of less than 0.4 per cent for the various particle 
sizes according to the character of combustion origin, whether 
pulverized coal, stoker-fired coal, or stoker-fired lignite. These 
efficiencies were attained with a draft loss of less than 1.6 in. of 
water and a gas temperature of 400 F. With the knowledge 
that this eliminator has readily collected 90 per cent of the 20- 
micron size particles, a guarantee, as suggested by Dr. Schoene, 


Fig. 2 


EsTABLISHMENT OF DouBLE-Eppy CurRRENT FLOW IN THE 
CONCENTRATING CHAMBER AND THE CYCLONE 


Fic. 3 PERFORMANCE CurRVE BasED ON A NUMBER OF ACCEPTANCE 


Tests BY INDEPENDENT ENGINEERS 


regarding the collection of 90 per cent of all particles of 20-micron 
size and larger would be easily fulfilled. 

Fig. 4 gives additional data of interest relating to the cyclone 
collector of the Buell system. These two curves relate to cyclones 
of similar design, with the exception that the cyclone represented 
by the lower curve has no dust by-pass system, whereas the 


FUELS AND STEAM POWER 


95 

90 
2 
280 
& yc/one with By-pass System 
= 

70 
> 
& 65 
“Ordinary System 
60 

0.089 0.198 0.267 


Concentration in Grains per Cu Ft 


Fic. 4 Comparison or CoLiection Erriciency or Two Dir- 
FERENT Types oF CYCLONE aT Various Dust CONCENTRATIONS 


Fic.5 Part or THE INSTALLATION AT THE 
DvssELDORF STATION 


(This installation is designed to handle a total gas flow of 336,000 cfm and 
has shown a collection efficiency of over 99.9 per cent for particles having a 
size of 60 microns and larger.) 


cyclone corresponding with the upper curve is equipped with the 
low gas inlet, the dust-concentration zone above it, and the 
outside by-pass channel. At all dust concentrations covered, 
the cyclone equipped with the by-pass system is better than its 
companion and, at the extremely small concentrations the 
efficiency characteristic is distinctly upward. 

Fig. 5 shows part of the installation at the Dusseldorf station, 
which has a total of six collectors for an overall gas flow of 336,000 
cfm. An independent engineering report on this station cited a 
collection of more than 99.9 per cent for all particles of 60 mi- 
crons, approximately 250 mesh, and larger. This being a 
stoker-fired plant, the extremely small micron sizings were not 
considered of importance in the test. 

In the matter of selective elimination, if the extreme fines are 
unnecessarily collected, the expression “What are we going to 
do with it after we catch it’”’ is only magnified. In conclusion, 
the value of an eliminator should be rated directly in terms of 
its ability to collect the ash within the nuisance range. 


FSP-59-10 369 
| 
14 

> 


Utilization of Pulverized-Fuel 
Fly Ash 


By J. R. JAMES,! DETROIT, MICH. 


HE TRENTON Channel plant of The Detroit Edison Com- 
pany accumulates approximately 500 tons of fly ash per week 
by Cottrell precipitators. For the last several years, this company 
has carried on a number of investigations to find a method that 
would return at least enough revenue to pay for the handling of 
the ash on the property. Today, two outlets indicate considerable 
promise. One of these is what may be called a new kind of 
concrete, and the other is the manufacture of a building unit 
that is designated as Cottrell block. 

The new concrete is made by mixing 100 lb of portland cement, 
100 lb of dry fly ash, and approximately 340 Ib of crushed cinders 
with the proper quantity of water. In 28 days, the resulting 
concrete shows a strength in compression of 3000 Ib per sq in. 
To be conservative, the cost of this concrete will not be more than 
the ordinary stone or gravel concrete, and probably it will be 
slightly less. The real benefit to be derived from its use will be 
the reduction in the weight of a building which is reflected in 
reduced costs in foundation work. At present, no detailed prac- 
tical information about this concrete is available, but The 
Detroit Edison Company plans to use it in the floor system of a 
six-story office building that will soon be built, so that, six 
months from now, some authentic information regarding this 
material will have been secured. 

Our company has been developing Cottrell block for over three 
years under a patent controlled by the Rostone Company, 
Lafayette, Ind. This development work was carried on in a 
small plant with standard-size equipment which was set up in 
the basement of the Trenton Channel plant boiler room. Progress 
of this development has centered principally about the construc- 
tion of a suitable machine for making these blocks as a com- 
mercial article. The estimated cost of a new plant manufacturing 
8600 units in 24 hr is approximately $40,000. 

Disposal of fly ash would be facilitated by using both of these 
outlets in conjunction with each other. The natural assumption 
is that the maximum volume of concrete will be poured in the 
warm months of the year, which leaves the winter months for the 
manufacture and accumulation of building blocks for the ensuing 
year’s construction. 

The overall heat-conductivity coefficient for an 8-in. wall of 
this material, in a 15-mph breeze, is 0.383 Btu per sq ft per hr per 
deg F difference in temperature. If the wall is furred and plastered 
on the hot side, the coefficient becomes 0.26. When hollow cells 
are filled with rock wool, the coefficient is 0.16, and by substitut- 
ing fly ash, the coefficient is 0.18. In a fire test conducted at 
the Delray plant, a wall of Cottrell block was subjected to a 3-hr 
fire test, with 1600 F as the maximum temperature and then 
quenched with a fire hose, without destroying its structural 


1 Senior engineer, civil- and mechanical-engineering design, The 
Detroit Edison Company. Mem. A.S.M.E. Mr. James received 
the degree of C.E. from the University of Michigan in 1911 and, 
for the next eight months, was principal assistant on a magnetic 
survey of the Great Lakes for the U. S. Lakes Survey. He was en- 
gaged in the design of hydroelectric projects for Gardiner S. Williams, 
Ann Arbor, Mich., for the next year and, in this connection, acted as 
field-construction supervisor for the 1500-kw Argo plant of The 
Detroit Edison Company. From January, 1913, until April, 1914, 
Mr. James was in charge of appraisal of overhead lines for the Eastern 
Michigan Edison Company, which company merged with The Detroit 
Edison Company in 1916. Upon the completion of this work, he 
accepted a position of draftsman with his present company, being 
promoted to engineer and assistant draftsman and, in 1925, became 
senior engineer in the engineering division. 
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INTERIOR OF A CHURCH THAT Was BuILt oF CoTrReLit BLock 


Fig. 1 


Fic. 2. Exterior oF a House Buitt or PortTLAND CEMENT PAINTED 
BLock 


value. However, some small shrinkage cracks about '/s_ in. 
deep did develop. Absorption will run about 6 per cent. 

At the Trenton Channel plant is a garage which was built over 
three years ago. No ill effect from frost action can be observed. 
Numerous other structures have been built with Cottrell block. 
Fig. 1 is an example of a painted Cottrell block interior. The 
large home, shown in Fig. 2, has an exterior of portland cement 
painted Cottrell block. Smaller homes have 8-in. Cottrell block 
walls painted on the outside and a painted interior. The cells in 
the block are filled with ash. As the owners are well satisfied with 
the purchase price of $3500, including two acres of land, this 
block should appeal to low-cost housing projects. 


The Cinder and Fly-Ash Public 
Nuisance 
By WILLIAM G. CHRISTY,! JERSEY CITY, N. J. 


HOSE of us, who are interested in the problems of air pol- 
lution, are glad to see discussions such as this on the pro- 
grams of the A.S.M.E. We are also pleased to see the increased 
interest in this question. Use of pulverized coal, increase in the 


1 Hudson County smoke-abatement engineer. Mem. A.S8.M.E 
Mr. Christy received the degree of M.E. from Cornell University in 
1911 and spent the next year with the Heine Safety Boiler Company 
as a designing, estimating, and testing engineer. From 1912 to 1915, 
he was assistant to H. H. Humphrey, consulting engineer at St 
Louis, Mo., where he prepared plans and specifications for powe! 
plants, heating and ventilating systems, and mechanical and electrical 
equipment for office buildings, hospitals, hotels, factories, and similar 
structures. For the next two years, he conducted a manufacturers 
agency in St. Louis, and handled heating specialties and power-p!an' 
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size of stokers, and greater rates of burning solid fuel have re- 
sulted in a tremendous increase in the discharge of solids from 
stacks in recent years. The public is demanding that something 
be done. 


SuITABLE MEANS FOR ACCURATE CINDER MEASUREMENT 


URGENTLY NEEDED 


Primarily a need exists for suitable means of accurately measur- 
ing the percentage of cinders and fly ash in a gas stream. Our 
Power Test Code Technical Committee on Dust Separating 
Apparatus is now working on this problem and hopes to establish 
standards for both measuring and testing. The problems of 
measuring solids in gas streams and testing equipment for their 
removal really come down to determining the best methods of 
obtaining representative samples. The time is now here when 
legislation and regulations, defining and limiting the discharge of 
solids from chimneys, are likely to be adopted. Such require- 
ments should be reasonable. They should give the public relief 
and at the same time not cause too much hardship on industries 
and utilities. 

The Smoke Prevention Association is a national organization 
of smoke commissioners, smoke inspectors, railroad men, and 
others interested in fuel economy and smoke abatement. At 
present, the Public Service Committee and the Standards Com- 
mittee of this organization are working on the problem of es- 
tablishing standards of measuring and regulating the discharge 
of cinders and fly ash into the atmosphere. I feel sure that I 
voice the sentiments of the members of the Association when I 
say that we would welcome the cooperation of this Society. 

Not much legislation ‘on this subject exists at present. Some 
ordinances prohibit excessive discharge of fly ash and cinders 
and some of these specify that such solids be measured by the 
Ringelmann chart. This chart was really not intended for 
equipment. From 1918 to 1920, he was associated with the U. S. 
Shipping Board, first as a production engineer and later as a district 
supply manager. From 1920 to 1922, he was superintendent and 
field engineer of the St. Louis Boat and Engineering Co., having 
charge of the construction of four large Mississippi River towboats. 
He then became associated with F. H. Schubert in the Schubert- 
Christy Construction and Machinery Co. of St. Louis. While 
Chairman of the St. Louis Section, A.S.M.E., in 1925, he was one 


of the organizers of the Citizens Smoke Abatement League of St. 
Louis, and served as its executive secretary for two years. 
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measuring fly ash and is not suitable for that purpose. Other 
ordinances classify excessive discharge of solids from stacks as a 
nuisance, but this is also unsatisfactory. Such a regulation is 
subject to different interpretations. 


CINDER Deposits A NUISANCE AND PossiBLE CausE oF DAMAGE 


It should be needless for me to emphasize that the deposit of 
cinders and fly ash is a nuisance and may cause considerable 
damage. Some two years ago, I had occasion to investigate the 
discharge of fly ash from a plant fired with pulverized coal. The 
principal complainant was a truck farmer, whose farm was 
approximately one-half mile east of the plant. Apparently, his 
crops were being ruined by the excessive deposit of fly ash due 
to the prevailing winds from the west. Along the edge of some 
timber was land that had not been cultivated. In this location, 
I saw a deposit of fly ash 2'/, in. thick, the worst I have ever seen. 
The deposit was the result of some seven or eight years’ operation 
of the plant. A corporation, whose officials have any civic 
pride, should want to reduce materially such a discharge, irre- 
spective of any legislation. 

My hope is that discussions such as this and the work of the 
A.S.M.E. Power Test Code Committee No. 21 will enable us to 
arrive at a basis for sane legislation. Surely, all of us agree that 
something must be done. Mechanical engineers ought to make 
this their responsibility. Otherwise, legislation may be passed 
which is not based on engineering practice, is impractical, or may 
work undue hardships. 


Fiy-AsH REMOVAL AND SMOKE-ABATEMENT PROBLEMS DEMAND 
SOLUTION 


From the standpoint of the public, this problem is one that 
must be solved. With powdered-coal plants, some sort of fly-ash 
removal apparatus is surely necessary. I feel that the time is 
not far distant when most stoker-fired boilers and furnaces will 
have flue-gas scrubbers or cinder catchers. 

The term “smoke abatement” is really a misnomer; it means 
much more than the elimination of visible smoke. The name 
“Pure Air’ which was used to designate the A.S.M.E. committee 
always appealed to me. Smoke-abatement engineers are in- 
terested in eliminating all kinds of air pollution and really getting 
pure air to breathe. It is much more than a question of good 
combustion. It means a drastic reduction of fumes, sulphur 
gases and solids from stacks and open fires. 
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Relative Resistance to 


Cavitation Erosion by the Vibratory Method 


The cavitation-erosion tests described in this report were 
made under the direction of the mechanical section, U. S. 
Engineer Office, Eastport, Me., at the Massachusetts Insti- 
tute of Technology, Cambridge, Mass., by Prof. H. Peters. 
The investigation was part of the materials-corrosion in- 
vestigation, made to provide an accurate basis for the selec- 
tion of the proper materials to be used in the construction 
of the large hydroelectric units required on the Passama- 
quoddy project. No information was available upon the 
cavitation resistance of materials in sea water as compared 
with their behavior in fresh water. The program included 
tests on 80 materials in a newly developed vibratory ap- 
paratus and the behavior of three materials in the venturi- 
type apparatus used for previous investigations. Reliable 
results were obtained on the behavior of materials in sea 
water as compared with fresh water, and the relation be- 
tween cavitation damage and temperature was estab- 


lished. 
() encountered with hydraulic turbines or centrifugal pumps 

has been pitting or eroding action caused by cavitation on 
blades and other portions of machinery subjected to high-velocity 


flow. Research investigations on this phenomenon have followed 
two separate lines 


NE OF the most troublesome of the operating difficulties 


(1) Effect of cavitation upon efficiency or performance 
(2) Destructive effects of cavitation upon materials 


The first group covers elements which are functions of turbine 
or pump design, and the responsibility rests quite properly with 
the manufacturers to insure against faulty performance due to 
cavitation. If model turbines or pumps are constructed and 
tested under varying conditions of draft head or suction lift, the 


‘ Manager, Chemical Engineering Division, United Engineers & 
Constructors Inc., Philadelphia, Pa. Mem. A.S.M.E. Mr. Kerr 
was graduated from the University of Pennsylvania in 1921 with the 
degree of B.S. and, in 1924, with degree of M.E. Upon graduation, 
he entered the I. P. Morris Division of the William Cramp & Sons 
Ship & Engine Building Co. as research assistant. In 1924, he was 
appointed assistant hydraulic engineer and, in 1927, assistant chief 
engineer. From 1929 to 1935, he was research engineer in charge of 
experimental and field tests and development work on hydraulic tur- 
bines, governors, valves, and other equipment. In 1935 and 1936, he 
was senior mechanical engineer, U. S. Engineer Office, Eastport, Me., 
having charge of research and design work in connection with the 
mechanical equipment for the Passamaquoddy project. At present 
he is in the Chemical Engineering Division of United Engineers & 
Constructors Inc., Philadelphia, Pa. Mr. Kerr is 1936-1937 Chair- 
man of the A.\S.M.E. Hydraulic Division and of the A.S.M.E. Com- 
tuittee on Water Hammer. 

Contributed by the Hydraulic Division and presented at the Joint 
Meeting of the Applied Mechanics and Hydraulic Divisions of Tue 
AMERICAN SocteTY OF MECHANICAL ENGINEERS, Ithaca, N. Y., June 
25-26, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
‘epted until September 10, 1937, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 


stood as individual expressions of their authors, and not those of 
the Society. 


By S. LOGAN KERR, 


1 PHILADELPHIA, PA. 


characteristics of those particular types can be established and 
information secured which governs the design of the structures 
in which they are to be installed. Many articles have been pub- 
lished recently describing the general theory of cavitation and the 
testing of laboratory models. 

The second group dealing with relative rates of erosion of 
various metals by cavitation has also been the subject of some 


research. A limited volume of test information is available in 


regard to the behavior of various materials in fresh water, but 
no data could be found which gave the damage from cavitation 
in sea water as compared with that experienced in fresh water. 

It has been found from experience that, in localized areas, 
cavitation can be set up which is not of sufficient magnitude to 
reduce the efficiency or to affect the performance of the unit but 
is sufficiently intense in many cases to cause destructive pitting 
on the blades or throat rings and to require maintenance at fre- 
quent intervals. The cost of maintaining and repairing large 
units and the loss of output during the repair period make it 
essential that suitable erosion-resisting metals be employed in 
the portions of the turbines where high velocities and potential 
cavitation damage might be found. 


PURPOSE OF THE INVESTIGATION 


In connection with the Passamaquoddy Tidal Power Develop- 
ment at Eastport, Me., a materials-corrosion investigation? was 
instituted to select the materials suitable for use in the various 
structures and equipment exposed to the action of sea water or 


salt air. In this investigation, three principal factors were 
considered 


(1) Corrosion of metals in sea water 
(2) Electrolytic action between dissimilar metals in sea water 


(3) Resistance of various metals to the erosive action of cavi- 
tation 


Only the third phase of the investigation is covered in this 
article, the results of the first and second portions are not yet 
available as the exposure tests are being continued until June 
30, 1937, at least. From the information secured in this investi- 
gation, it was expected that the materials for constructing the 
turbines, gates, and other portions of the equipment could be 
selected to give the longest life at the least cost. 


DEFINITION OF CAVITATION ACTION 


For many years, pitting on the suction side of hydraulic-tur- 
bine runners and of pump impellers was thought to be due to a 
chemical action which resulted from the release of dissolved 
oxygen in the water. Investigations made in England with 
marine propellers some years ago indicated that the action was 
mechanical rather than chemical and that it was caused by a 
rapid fluctuation of pressure due to the repeated formation and 
collapse of vacuum pockets adjacent to the blades. 

With cast iron, this action proceeds very rapidly, as the mate- 
rial is naturally porous, the softer portions are eaten away, and 


2 For description of the investigation, scope of studies, laboratory 
facilities, and results of tests, see Interim Reports of U. S. Engineer 
Office, Eastport, Me., dated Feb. 15 and Oct. 15, 1936. 
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the harder sections remain, giving the characteristic “pitted” 
appearance. With cast steel, the action is much the same, but, 
due to the higher fiber strength and denser structure, it does not 
proceed as rapidly. With cast bronze, the grain structure is also 
dense and, although the pitted appearance is not as pronounced, 
the vanes have a sandblasted appearance where cavitation is 
present. 

With alloy steels of high strength and extremely dense grain 
structure, the resistance to cavitation damage has been found to 
be very high, but these materials are extremely expensive and are 
difficult to secure in the cast form. 


MeEtTuHops OF TEST 


Accurate determination of the relative resistance of materials 
to cavitation erosion presents many difficulties, as the rate of 
erosion experienced in the field is slow and operating conditions 
vary considerably. Testing of model turbines constructed of 
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Fic. 1 CAVITATION-TESTING APPARATUS 


different metals does not appear to be feasible due to the cost 
involved. Cavitation action of great intensity can be produced 
in the laboratory by passing water at high velocity through a 
restricted area followed by a more or less sudden enlargement. 
Early types of cavitation-testing apparatus were in the form of a 
venturi tube, and this name is generally used to designate that 
type of test unit, although newer and more efficient throat pro- 
files have been developed in the United States and Europe. 

The first experimental unit of the venturi type in the United 
States was constructed in the Massachusetts Institute of Tech- 
nology, and a second unit added a short time thereafter. The 
Safe Harbor Water Power Corporation sponsored this work, and 
it has since set up similar venturi testing units at Holtwood, and 
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Safe Harbor, Pa. Results of this investigation are given in the 
paper’ by J. M. Mousson. 

Had this method been employed in the investigation for the 
Passamaquoddy project, a minimum period of one year would 
have been required to test about 50 different materials, one speci- 
men being tested in fresh water and one in sea water. The time 
available for this experimental program, based upon the tentative 
construction schedule, was only a few months, and a more rapid 
method was required. 

In the spring of 1935, investigations had been under way at the 
Massachusetts Institute of Technology utilizing a somewhat 
different method of cavitation testing, as shown in Figs. 1 and 2, 
whereby the metallic sample was vibrated at high frequency to 
simulate a very intense local form of cavitation. By the summer 
of 1935, this had progressed to the point where Dr. J. C. Hun- 
saker and Dr. H. Peters of the mechanical-engineering depart- 
ment of Massachusetts Institute of Technology felt that reason- 
ably accurate results could be secured on the relative resistance 
of various materials to cavitation erosion. 

The vibratory apparatus, Fig. 1, consisted of a vacuum-tube 
oscillator used for producing an alternating magnetic field in 
which was placed a nickel tube that vibrated longitudinally at 
its natural frequency under the action of this magnetic field. 


“ Adjusting Weig 
-§-27-EF-3 
-Polished Surface 


Fic. 2.) Vipratory-Tyrpe Test SpECIMEN 

The specimens were attached to the end of the nickel tube and 
were immersed in the test fluid, care being taken that the depth 
of immersion was maintained constant at '/, in. The test con- 
tainer was set in a water bath to maintain a constant temperature 
throughout. The nickel tube was cooled by a fine spray of wate! 
which was withdrawn from the bottom of the tube by a smal 
suction pump. 

This vibratory apparatus was developed by Dr. Newton Gaines 
and is described in his article’ entitled, ““A Magnetostriction 
Oscillator Producing Intense Audible Sound and Some Effects 
Obtained.”’ A description of its use for cavitation testing * 
given by Dr. J. C. Hunsaker in his paper’ ‘Progress Report 0! 
Cavitation Research at Massachusetts Institute of Technology. 

In the fall of 1935, the method was investigated by the write 
for the U. S. Engineer Department, and preliminary tests wer 
found to be sufficiently reliable for the determination of the reli 
tive resistance of these various materials to cavitation. 

While this new vibratory method had never been utilized pre 
viously for any extensive commercial research or invest igatio! 
programs, a detailed study of the apparatus and of prelimina’ 
test results indicated that results could be duplicated accurately 
the time element for the complete investigation could be reduce 
to a few months, and the cost of operation was about one ten! 


3“Pitting Resistance of Metals Under Cavitation Conditions 
by J. M. Mousson, to be presented at the Joint Meeting of 
Hydraulic and Applied Mechanics Divisions of THe AmMERIC! 
Socrery or Mecuanicat ENaineers, Ithaca, N. Y., June 
1937. 

4 Physics, vol. 3, 1932, pp. 209-229. ’ 

’ Trans. A.S.M.E., vol. 57, 1935, pp. 423-424, paper HY D-57-!! 
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HYDRAULICS 


to one fifth of that estimated for the normal venturi method. 
The vibratory apparatus also had the unique advantage that the 
fluid could be changed readily, permitting a careful study of the 
relative damage in fresh and sea water. 

A contract was arranged between the U. S. Engineer Office at 
Eastport, Me., and Massachusetts Institute of Technology to 
cover the testing of a number of specimens by the vibratory 
method and to check the relative results obtained in this manner 
with tests of a limited number of the same materials in the ven- 
turi apparatus at the Institute for previous research work. 


PRELIMINARY TESTS 


With such a new method of test, careful calibrations were es- 
sential. Maximum and minimum rates of weight loss, design of 
specimen, proper length of exposure, and many other problems 
immediately presented themselves. Preliminary tests demon- 
strated at once that results were remarkably consistent, tempera- 
ture and type of solution had a marked effect upon rate of ero- 
sion, and many materials behaved differently at the outset of the 
test period from what they did after an appreciable time of 
exposure. 

Four materials supplied by the Institute were used in these 
calibrations, namely, brass, cold-rolled steel, cast iron, and stain- 
less steel. Two specimens of each material were tested for 2 hr, 
with weight losses determined at the end of each half-hour during 
the test. Fig. 3 gives the results of these tests. It was found 
that the test period could be reduced to 90 min, with intermediate 
weight determinations at the end of each 30 min of exposure. 

Some changes in apparatus were necessary, but after a few 
disappointing experiences, the equipment was arranged to 
operate continuously from 8 a.m. to midnight, employing two 
shifts of observers. The first tests were made in March, 1936, 
and the program was completed July 15, 1936. 


METHODS OF SECURING SAMPLES 


Various manufacturers of turbines and pumps, as well as a 
group of foundry companies and other organizations, had already 
been approached in regard to the materials-corrosion investiga- 
tion, and corrosion-test specimens for the Eastport laboratory 
had been secured from most of these organizations. A special 
information circular, dealing entirely with cavitation-resistance 
tests, was prepared and forwarded to manufacturers about Dec. 
14, 1935. A brief description of the vibratory method was 
given, and a request for cavitation-test specimens was made of 
all organizations which had furnished corrosion specimens for the 
Eastport laboratory. 

Response to this inquiry was very satisfactory, and 98 different 
materials were submitted for test. Funds were available for 
testing only 50 of the specimens submitted, and it was necessary 
to establish a priority list that included only those materials 
which had already been submitted for corrosion tests. From 
these were selected first, the materials submitted by turbine 
manufacturers; second, those submitted by pump manufac- 
turers; and third, special materials deemed necessary to cover 
the field satisfactorily. It was later found possible to test 80 
different materials and conduct additional tests to determine the 
effect of temperature, different concentrations of salt water as 
compared with natural sea water, and the protection afforded by 
honcorrosive coatings. 

To simplify comparisons and to divide the large number of 
Materials into groups, a classification was set up applying to the 
Corrosion testing as well as the cavitation testing. The classifi- 
cations used and the number of specimens in each class are given 
in Table 1. 

Each different material was assigned a serial number, and each 
individual specimen had an identifying letter or a combination of 
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letters and numbers to coordinate the records and keep the iden- 
tity of the manufacturer confidential. Trade names have been 
eliminated from the records, and, for certain materials, only the 
approximate composition is given, although, in most cases, the 
certified chemical analysis is published. Written permission was 
obtained from each manufacturer for the release of data pertain- 
ing to his materials to be included in the published reports of the 
tests. 

In the check tests by the venturi method in both salt and fresh 
water, three materials, cast iron, class 10, serial 82; cast steel, 
class 13, serial 118; and manganese bronze, class 5, serial 76, 
were selected. An additional test was made in fresh water only 
with a chrome-nickel steel, class 17, serial 132. No venturi test 
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was possible on this material in sea water owing to lack of time 
and of funds. 


SPECIMENS 


The design of the vibratory-test specimen was investigated 
very carefully, and five different brass specimens, varying in 
weight from 8 to 16 g, were tested. It was found that the total 
weight loss at the end of 30 min was practically the same, irre- 
spective of the initial weight. The convenient value was found 
to be about 13.5 g and all specimens were adjusted to fall within 
1 g above or below this weight. 

As shown in Fig. 2, each specimen was 5/; in. in diameter and 
1/, in. long with a threaded extension 7/;. in. in diameter and 1/, 
in. long which was used to attach the specimen to the oscillating 
nickel tube. A small hole, '/, in. in diameter, was drilled in the 
threaded end of the specimen to adjust the weight to the stand- 
ard range and thus compensate for differences in densities of 
material. The face was carefully polished to secure as uniform 
a surface as possible for exposure to cavitation. These speci- 
mens were prepared in the machine shop at the Massachusetts 
Institute of Technology. Six specimens of each type were nor- 
mally available, although, in most cases, only four specimens 
were prepared unless special tests were called for. 


Test PrRocEDURE 


The general procedure consisted in setting up a dummy speci- 
men which would oscillate for approximately 15 min to bring the 
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air content of the water to a constant value. The dummy was 
then removed, and the test specimen inserted after having been 
carefully weighed on a precision balance sensitive to 0.25 mg. 

The apparatus was vibrated for 30 min, the test specimen re- 
moved, another specimen inserted, and the first specimen care- 
fully dried and weighed to determine the quantity of material 
eroded by cavitation. This process was repeated three times 
securing accurate values of weight loss at the end of 30, 60, and 
90 min. A few tests were made taking measurements at inter- 
vals of 5 or 10 min for the first half-hour to determine more accu- 
rately the behavior in this range (Fig. 6). 

Upon completion of the 90-min test period, the specimen was 
photographed with an enlargement of approximately 6 diameters, 
and the Rockwell hardness (B scale) measured on the periphery 
of the specimen. 

The air content of the water was measured frequently during 
the tests. It decreased in the fluid during the initial part of the 
vibratory period, and the equilibrium points, in fresh water about 
1.16 per cent air content and in sea water at 1.00 per cent, were 
reached after approximately 30 min (Fig. 4). These values are 
somewhat below the corresponding fresh-water saturation value 
of 1.6 per cent at 25 C. 

Calibrating specimens of brass made from the same piece of 
rolled bar were employed from time to time to make certain that 
characteristics of the apparatus did not change during the investi- 
gation. The atmospheric pressure was measured repeatedly, 
but as far as could be established, slight variations did not. in- 
fluence the results to any noticeable extent. 


Sea UseEp IN VIBRATORY TESTS 


Sea water used in the vibratory tests was taken from three 
locations in Cobscook Bay, Eastport, Me. 

Salinity, density, and hydrogen-ion concentration (pH), were 
measured in Eastport by the concrete laboratory staff, and den- 
sity and air content were measured at Massachusetts Institute 
of Technology as a check upon the condition of the water during 
the test. 

A typical analysis of sea water from Cobscook Bay is as follows: 


Grams per liter 


Sodium (Na) 9.95 
Magnesium (Mg) 1.50 
Calcium (Ca) 0.41 
Chloride (Cl) 17.83 
Sulphate (SO,) 2.54 
Bromine (Br) 0.06 
Potassium (K) 0.33 


Density averages 1.023, and hydrogen-ion concentration (pH), 
varies from 8.0 to 8.1, indicating a decidedly alkaline reaction. 
The water is free from contamination from sewage or industrial 
wastes, and very little fresh water flows into Cobscook Bay to 
dilute the sea water. 

The general character of the sea water approaches that found 
in the open ocean. It is free from the acid reaction of the water 
in Boston Harbor, where the pH is about 6.0. The neutral point 
is 7.0. 


EFFECT OF TEMPERATURE ON CAVITATION 


In various research investigations made previously, it was ob- 
served that some difference in performance and in cavitation 
damage occurred with variations in temperature. In the venturi 
apparatus, cooling or heating coils were used to maintain con- 
stant temperatures, but the great volume of water and the large 
quantity of energy dissipated in the venturi throat made this 
temperature control difficult. The time required for a given test 
was long, and it was not usually possible to investigate thoroughly 
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the relation between cavitation damage and temperature with 
extreme accuracy. 

In the preliminary group of vibratory tests made for the East- 
port district, the fluid was maintained at a constant temperature 
of 20 C, and, later, another preliminary investigation, utilizing 
aluminum-alloy samples was made to study the effect of tem- 
perature upon weight loss. This investigation showed that the 
cavitation damage in a given time doubled when the temperature 
was raised from 0 to approximately 50 C. This same effect was 
found to hold true in the case of a concentrated saline solution 
having 20 per cent, by weight, of sodium chloride. Damage was 
greater in this solution than was the case with fresh water, but 
loss in weight still reached its maximum at about 50 C. As 
temperature was increased beyond this point, damage decreased 
until it approached zero at the boiling point. 

The effect of temperature, therefore, had to be considered 
carefully in this investigation, and the program was arranged so 
that the vibratory tests were run at a constant temperature of 


2.0 
Fresh Water 
o 1.5 
§ 
+ ‘Quoddy Sea Water 
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fe) 15 30 45 €0 


Exposure Time of Cavitation Specimen 
at Time Air Content was Measured, Min 


Fic. 4 Curve or Ain Content Respect To TIME 


(Air content = VA/Vw, where VA = volume of air dissolved in the water 

and Vw = volume of water tested. All volumes reduced to standard condi- 

tions of temperature and pressure, 0 C and 760 mm of mercury. Tempera- 

ture of water during cavitation = 25C. Corresponding air content of fresh 
water used in test = 1.6 per cent at saturation.) 


25 C representing approximately the average between conditions 
at 0 C and maximum damage at 50 C. 

The container holding the fluid, in which the specimen was 
vibrated, was kept in a constant-temperature bath, and varia- 
tions from this constant temperature were held within very nar- 
row limits. All tests were carried on for the standard time 
interval of 90 min, with intermediate weighings at 30 and 60 min. 
Following completion of the main group of vibratory tests, five 
different materials were selected for temperature studies; namely, 
brass, cast iron, and cold-rolled steel, which were tested in the 
original calibration studies; cast steel, serial 94; and cast iron, 
serial 105. The tests were made at 3, 14, 25, 38, and 50 C with 
both fresh and salt water. It was found that damage to speti- 
mens in fresh water reached its maximum at about 25 to 30 C for 
brass, whereas for the cast irons and the steels, the maximum 
condition appeared to be at or beyond 50 C. An insufficient 
number of tests was made to establish this relation definitely, bu! 
it was apparent that low-temperature conditions had a tendency 
to reduce the destructive effect and that there was a general ten¢- 
ency for this destructive effect to increase with temperature up 
to a certain point and then to decrease with still higher tempers 
tures. 

Corresponding tests were made in sea water for brass, © 
iron, and cold-rolled steel, and in artificial sea water for cast steel 
serial 94, and cast iron, serial 105. The same general behavie! 


Weight Loss in Sea Water, Ma 


Mg 


Weight Loss in Fresh Water, M 


rie 
« 
| 
t 
Wh 
0 
a 
tl 
e 
ol 
Is 
tl 
cc 
t 
e 
ac 
e 
Be 
quod 
| 
repre 
woul 
perat 
test 
of 


‘ater 
yndi- 
era- 


jons 


was 
aria- 
time 
min. 
five 
nely, 
1 the 
iron, 
with 
peti- 
C for 
mum 
cient 
but 
lency 
tend- 
re up 


pera- 


, cast 
steel, 


HYDRAULICS 


was observed, but, in the case of both types of cast iron, damage 
at low temperatures was much greater in sea water than in fresh 
water. 

The preliminary investigation combined with the later studies 
would indicate that change in cavitation damage with tempera- 
ture is due to change in air content or vapor pressure or a com- 
bination of both. Colder water has the ability to dissolve more 
oxygen and other gases from the air, and these tend to go out of 
solution when subjected to the high-vacuum conditions that 
accompany Cavitation, thus forming an air-cushion which reduces 
the force of the counterblow, and, hence, decreases cavitation 
erosion. As the temperature is increased, more and more of these 
dissolved gases are driven off, the return blow caused by collapse 
of the vacuum pocket is not cushioned, and the destructive effect 
is increased. 

As the temperature is raised still further, the vapor pressure of 
the water or other fluid increases, and the vacuum pocket be- 
comes filled with increasing volumes of water vapor. As the 
temperature approaches the boiling point, almost all of the force 
of the return blow is apparently absorbed by the cushioning 
action of the “steam,” and, hence, the cavitation damage becomes 
negligible. 
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Fic. 5 Comparison oF STANDARD Test RESULTS FOR SERIALS 76, 
82, AND 118 at 34 anv 25 C 


For hydroelectric plants, the water temperature rarely exceeds 
35 C and will usually be between 0 and 25 C. On the Passama- 
quoddy project, temperature of the water would rarely rise above 
15 C, and, hence, selection of a standard temperature of 25 C 
represented conditions that approach maximum damage which 
would normally be found in such plants. The change in tem- 
perature from 25 C, which was the standard for the laboratory 
test, up to 34 C, which was the standard for the venturi testing, 
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did not introduce any major discrepancy. In the case of serials 
76, 82, and 118, a direct comparison (Fig. 5) has been shown of 
the destruction from 0 to 90 min in both fresh and sea water at 
these two different temperatures. 

With pumping machinery, where water delivered to the suction 
side of the pump comes from a large reservoir or from the ocean, 
it is doubtful whether the temperature will exceed 35 C. Where 
pumping equipment is used in process industries or for handling 
boiler feedwater, these temperatures would naturally be greatly 
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(These cavitation-erosion curves by the vibratory method were made 
simultaneously on the same materials tested by the venturi apparatus and 
maintained at the same temperature of 34 C. Standard wiasien tests 
at 25 C were also made and a comparison of the results is shown in Fig. 5.) 


damage appreciably, but, at the same time, the high-vacuum 
conditions at suction could cause a change in pump characteris- 
tics which might impair its efficiency greatly, even though the 
blades were not being damaged by cavitation. 


EFFECT OF PRESSURE ON CAVITATION 


It is important to note that all of these vibratory tests have 
been made at atmospheric pressure. If the pressure were in- 
creased, the entire phenomenon might be changed, as water 
would be held against the surface of the specimen, and, thus, the 
tendency toward formation of vacuum pockets would be reduced. 
It is a well-established fact that severe cavitation can be cor- 
rected by an increase in the back pressure on the turbine, or by 
an increase in suction pressure on a pump. 
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At the naval model basin located in the Washington, D. C., 
Navy Yard, marine propellers are tested under various conditions 
of flow and pressure. Cavitation can be eliminated almost 
entirely if absolute pressure of the water with respect to the pro- 
peller blade is increased sufficiently. The opposite effect is 
noted if pressure is decreased, as cavitation areas form and gradu- 
ally reach sufficient proportions to change flow conditions past the 
blades and, thus, impair the effectiveness of the propellers. This 
same basic relation holds true in hydraulic turbines and pumps, 
and it also applies in the venturi type of cavitation-testing appa- 
ratus, since a sufficiently high back pressure will hold the flow 
against the walls of the tube and prevent the formation of the 
vacuum pockets. 

Detailed research on the effect of varying pressures in the 
vibratory apparatus has not yet been undertaken, but it is prob- 
able that cavitation damage will be reduced if a substantially 
higher pressure than atmospheric is exerted on the surface of the 
liquid. It was noted that the very small variation in atmospheric 
pressures experienced during the Eastport District tests made no 
measurable difference in damage due to caviation. 


EFFECT OF VARIATIONS IN FLuips Upon CAVITATION 


In preliminary investigations undertaken by Massachusetts 
Institute of Technology, prior to the contract with the Eastport 
District Engineer Office, tests were made with aluminum-alloy 
samples in the vibratory apparatus, using fresh water, a 20 per 
cent solution of sodium chloride, and a solution of methy] alcohol. 
The denser liquid caused greater damage, and the volatile 
liquid, such as alcohol, caused relatively small damage due proba- 
bly to high vapor pressure and cushioning of the cavitation 
blow by a pocket of vapor. Previous discussion in regard to 
variation of cavitation damage with temperature is further ampli- 
fied by tests using different fluids. 

With sea water, cavitation damage has usually been slightly 
greater than with fresh water, particularly with soft or porous 
materials, and is very pronounced with cast iron. This greater 
proportional damage with cast iron and some cast steels is un- 
doubtedly due to a combination of the changes in density, air 
content, and vapor pressure but must also be influenced by the 
highly corrosive action of sea water upon ferrous materials. 


MEASURES OF PITTING 


There is no established measure or unit of comparison for 
cavitation damage, although many attempts have been made to 
set up some means of evaluation. With hydraulic-turbine in- 
stallations studied by the hydraulic power committee of the 
National Electric Light Association, cavitation damage® was 
grouped roughly into three classes: The first class, designated as 
“no pitting,”’ included wheels showing little or no pitting in 10 
vears’ service, with a probable life of 20 years without repairs. 
The second class, “moderate pitting,’ included those wheels 
whose life could be extended to 20 years by minor repairs. The 
third clas, “excessive pitting,’”’ comprised wheels requiring 
replacement in less than 10 years. This method was open to 
differences of opinion between manufacturers and purchasers of 
equipment, and cases were found where pitting, which covered 
relatively small areas and did not affect the strength of the runner, 
was designated as “excessive pitting,” calling for replacement 
within 10 years. These designations were finally dropped from 
use. 

The advent of electric welding permitted repair of cast-steel 
runners in place without the necessity of dismantling any equip- 
ment. In the case of cast-iron runners, some repair work was 
done in place, but this involved expensive work, owing to the 


¢**Pitting of Hydraulic Turbine Runners,’’ National Electric 
Light Association Publication No. 256-18, April, 1926. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


difficulty of welding material onto cast iron. Some bronze 
runners were repaired in place, but, with both cast iron and 
bronze, it was frequently found simpler to replace the runner and 
carry on the repair work at a convenient location in the power 
house. This avoided a long shutdown of the unit and permitted 
a better final result. 

The quantity of welding rod used in repairs by welding offered, 
for the first time, a mear> whereby cavitation damage could be 
measured. The “pounds of welding rod per runner” became the 
first unit of measurement. In some turbine contracts, a guaran- 
tee clause was set up which used some arbitrary value of weight 
of welded metal required for repairs to determine the liability 
of the manufacturer in correcting cases of pitting. This method 
also proved unpopular and is now rarely used. 

Both of these early attempts to set up a measure of cavitation 
erosion were based upon actual damage occurring during opera- 
tion and required a long time. They did not give assurance 
against pitting; moreover, the operating conditions such as draft 
head, percentage of load, and other vital characteristics did not 
remain the same on all units or at all seasons. 

Better understanding of the nature of cavitation and growing 
use of tests of model turbines under varying conditions of draft 
head have permitted the predetermination of the effect of cavita- 
tion and made it possible to avoid much of the trouble previous], 
experienced. With the advent of the venturi-type cavitation- 
testing apparatus, it was possible to measure for the first time, 
under standardized conditions, the actual weight of metal re- 
moved by the destructive action of cavitation. This varied 
with the size of specimen, the area affected, and with the size and 
the local conditions existing in the particular apparatus in which 
the tests were made. The weight loss which is determined 
from such tests is not always the absolute measure of damage, 
as plastic deformation may occur without a corresponding loss of 
material. 


PRELIMINARY SCALE OF RELATIVE RESISTANCE TO Erosion 


In outlining the program with the Massachusetts Institute of 
Technology, it was decided to set up a scale of relative resistance 
which would be based upon the weight loss of standard specimens 
at standard temperatures during accurately measured time inter- 
vals. Materials which lost the least weight would be placed at 
the top of the scale, and those which lost the greatest weight 
would be placed at the bottom. 

One basis of comparison employed the weight loss of one par- 
ticular material as a standard. Weight loss on this material was 
to be determined very carefully and considered equal to unity in 
the resistance scale. Serial 82, a common variety of cast iron 
with a carbon content of 3.3 per cent and small percentages of 
manganese and silicon, was selected. For the first 30 min, this 
material lost 37.9 mg, and this was made equal to unity in the 
relative scale for the period of 0 to 30 min. Measured weight 
loss for other materials in the same time was then divided into 
this standard weight loss, and the quotient represented the value 
of relative resistance. The highest value of relative resistance 
represented the most durable material, and the lowest value rep- 
resented the material that suffers the most damage. The same 
method was used for periods of from 0 to 60 and 0 to 90 min, 
the standard weight losses being 75.2 mg for the former and 107.7 
mg for the latter. 

This relative-resistance scale had the disadvantage of being a0 
arbitrary ratio, based upon some particular material. While the 
average weight loss of seven specimens of cast iron, class 10, 
was 37.1 mg and while this corresponded very closely to the 
weight loss of the particular type of material selected, it never- 
theless was an artificial standard and one that could not be re 
produced with ease. 
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FINAL RELATIVE RESISTANCE SCALES 


Another and more satisfactory method was developed as a 
result of study of the various test curves. It was noted that a 
number of materials, particularly those having high strength and 
dense grain structure, would not lose weight at a uniform rate 
throughout the entire 90-min period but would have a time lag 
and, for the first 30 min, would have a weight loss somewhat less 
than that experienced during each of the two subsequent 30- 
min intervals. This was found with practically all high-strength 
and forged materials, whereas, with low-strength or cast mate- 
rials, the rate of weight loss was practically uniform from 0 to 
9) min and, during the first 30 min, indicated no sign of the lag 
that was present with other types. 

On three selected materials, serials 76, 82, and 118, behavior 
in the initial 30-min period was investigated after each 5 min of 
exposure from 0 to 30 min and for each 30 min thereafter. On 
the cast material, serial 82, cavitation damage progressed at a 
relatively uniform rate from the very beginning of exposure in the 
vibratory apparatus. Bronze, serial 76, indicated little or no 
damage in the first 5 min, but, at the end of 15 min, a relatively 
uniform rate had been established which continued for the re- 
maining exposure time. In the case of steel, serial 118, this 
uniform rate was not reached until about 20 min. Fig. 6 shows 
the results of this study. 

Inspection of all individual test results indicated that, at the 
end of the first 30 min, cavitation erosion was taking place at a 
relatively uniform rate, but, during the first 30 min, wide varia- 
tions were present. This analysis led to the division of the 
vibratory-test work into two parts, namely, the period from 0 to 
30 min giving an indication of the initial resistance to cavitation 
and, second, the period from 30 to 90 min representing the rela- 
tive resistance to uniform continued cavitation erosion. By 
segregating results into these two groups, skin effect could be 
considered, and higher initial resistance to cavitation indicated 
from the data already obtained. Variation due to finish or heat- 
treatment may have a measurable effect upon initial breaking 
down of the surface, but, after the surface was once broken 
through, destruction would progress fairly uniformly and make 
its way at a steady rate through material of relatively constant 
density. 

The nature of cavitation indicates the desirability of distin- 
guishing between these two actions and, based upon the vibratory 
tests, two separate scales of relative resistance have been set up. 

Scale 1. Relative resistance to erosion is the index of the 
uniform erosive or pitting action, which takes place after the 
ultimate strength or fatigue limit has been reached. 

Scale 2. Initial resistance to erosion is an index of the plastic- 
deformation period prior to reaching the fatigue limit of the 
metal. 

These were both based upon actual weight loss in milligrams 
rather than upon a ratio established with respect to some arbitra- 
rily selected material. The unit of “milligrams per hour’ could 
be used as all specimens in the vibratory series were of the same 
dimensions. 

ACCURACY 
Reliability of the results depends upon four main factors 


(1) Constant frequency of the vibrator 

(2) Accuracy in the determination of weight losses 

(3) Uniformity of the material 

(4) Uniformity of composition and temperature of the fluid 


Investigation showed that the vibratory apparatus was kept 
ala constant frequency of 6700 cycles per sec by using the natural 
frequency of the nickel tube. The amplitude of 0.09 mm was 
kept uniform by regulating the power input to the oscillator. 
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It is believed that the vibration frequency and amplitude were 
maintained within 2 per cent above or below the normal value. 
Weight loss, particularly at the end of the 90-min period, was 
sufficient to insure accuracy within 2 per cent, and the materials 
tested seemed to be unusually uniform with very few exceptions. 
Where a major discrepancy occurred between results of two 
specimens, a third was usually tested, and the average used, un- 
less some condition during test indicated that results from a 
particular specimen should be discarded. 

Air content, temperature, and composition of the fresh and 
salt water were checked repeatedly, and the variations were 
found to be negligible. 

Check tests indicated that an individual specimen might be 
shifted two places on the relative scales, but the average of tests 
of two specimens would probably prevent a shift of more than 
one place. The position of the average of one classification would 
be unchanged. 


INDEX OF FatTiIGuE LIMIT 


The time at which a uniform rate of weight loss is reached in 
the vibratory apparatus may indicate the transition point be- 
tween conditions of plastic flow or of work hardening and the 
condition of pitting which occurs after the fatigue limit has been 
passed. It may be noted in Fig. 6 that the change in the rate of 
weight loss is not usually abrupt but is a gradual increase which 
occurs over a period of 10 to 30 min. Beyond this time, how- 
ever, damage takes place at a relatively uniform rate for some 
appreciable time. 

It is possible that behavior during the first half-hour of expo- 
sure in the vibratory apparatus may prove to be a convenient 
method by which the approximate fatigue point may be deter- 
mined. Frequency of oscillation in the vibratory apparatus 
equals about 400,000 applications of stress per minute, and, for 
30 min of exposure, this total reaches the enormous figure of 
12,000,000. In a fatigue-testing apparatus operating at 1000 
rpm, it would require about 200 hr or slightly over 8 days of 
continuous operation to equal this number of stress applications. 
Therefore, it may be possible to use the vibratory method of 
cavitation testing as an index of the approximate number of 
applications of stress required to break down the structure of any 
given material, and, hence, to show a relative fatigue value, to be 
used as a guide in predicting behavior of the metal in the regular 
fatigue-testing apparatus. 


APPEARANCE OF SPECIMENS 


Each of the vibratory specimens had certain characteristics in 
common. The pitted area covered a diameter of */s to 7/j in. 
surrounded by an annular area which was unaffected by cavita- 
tion. High frequency of vibration probably concentrated cavi- 
tation in the smaller area, and the portion near the outside of the 
specimen had the action relieved by the surrounding liquid. The 
time interval between pressure and vacuum was evidently too 
short for the relief to travel more than '/,in. With high-strength 
materials, the area was smaller in diameter and had the appear- 
ance of being sandblasted. With softer or weaker materials, 
the area affected was larger and the depth of pitting was greatest 
near the center. With the softest or weakest materials, such as 
plain cast iron, the depth of pitting was more uniform over the 
area but where nonuniform material was encountered, the pit- 
ting was deepest at the softer portions, and, in certain cases, 
narrow fissures extended into the outer area. 

Photographs, magnified several times, are included of repre- 
sentative specimens in each class of material. The complete set 
of venturi specimens is shown for comparison. It will be noted 
that the deep-pitting stage had not yet been reached at the end of 
the test, usually not less than 50 hr. On the cast-iron specimens, 
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evidence of corrosion on the venturi specimens was present with 
less pitting than is found on the vibratory specimens with an 
exposure period of only 90 min. 


RESULTS 


The graphical representation of the results comprises two 
graphs, Fig. 7 for nonferrous and Fig. 8 for ferrous materials. 
Weight loss in the interval from 30 to 90 min has been plotted 
vertically for each specimen. Two or three specimens of each 
type of material are shown as a block with the upper end indicat- 
ing small differences in weight loss for each specimen tested. 

Results in fresh water are shown at the bottom of the sheet, 
and, immediately above them, are results of the tests in sea 
water. Ultimate tensile strength and hardness, based on the 
Rockwell B scale, have also been plotted for reference, and the 
different materials have been arranged from left to right in order 
of their tensile strength. Thus, the first material in any classifi- 
cation represents the type having lowest ultimate strength, 
whereas the material on the right is the one having highest ulti- 
mate strength. 

Another method of illustrating relative resistance is by tabu- 
lating the materials according to weight losses for the two periods 
selected. Scale 1 for the 60 min following the initial half-hour 
period of exposure and scale 2 (the initial resistance to cavita- 
tion erosion), are shown in Figs. 9 and 10, respectively, the unit 
of milligrams per hour being used throughout. 

Tables 2 and 3 give the average weight losses of each class for 
the uniform and initial scales, respectively, and form consolidated 
“relative scales” for nonferrous materials. Tables 4 and 5 give 
the same data for ferrous materials. 


PERFORMANCE BY CLASSES 


Each material, with individual compositions and distinguishing 
features, has been listed by classes in Table 1. Graphical sum- 
maries are inadequate to cover outstanding characteristics en- 
countered in the tests. The behavior of each class of material 
will be described in detail, with the individual samples cited 
where their performance was unusual or distinet from others in 
the group. 


NONFERROUS MATERIALS (FIG. 7) 


Class 1, Brass or Bronze (Cu-Zn). This group comprises 
ordinary brass or bronze. Softer materials, having 85 to 90 per 
cent of copper and the remainder zinc, are lower in tensile 
strength. Remaining specimens have a composition of 60 per 
cent of copper and 40 per cent of zinc. High-copper alloys show 
much greater damage from cavitation than does 60-40 brass. 
There is little or no change in the performance in fresh water, as 
compared with sea water, and results of the four different 60-40 
specimens show remarkably close agreement, having a cavitation 
damage between 70 and 75 mg per hr. These materials rank at 
the bottom of the average relative resistance scales for both 
¢avitation erosion and for initial resistance to cavitation in either 
fresh or salt water. 

Class 2, Aluminum Bronze (Cu-Al). In this group of alumi- 
hum bronzes, only three specimens were available for cavitation 
testing. Serial 123, having 92 per cent of copper and 8 per cent 
of aluminum has a lower ultimate strength than the ordinary 
brasses or bronzes in class 1 but shows appreciably less cavitation 
damage, being on the order of 50 mg per hr. The two high- 
strength bronzes, averaging 100,000 lb per sq in. ultimate, show 
about 15 mg per hr, and compare favorably with the best of the 
high-strength alloy steels in so far as erosion is concerned. This 
material shows little or no change in cavitation damage in fresh 
water, as compared with sea water, and stands at the top of the 
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TABLE 2. RELATIVE RESISTANCE TO CAVITATION EROSION 
FOR NONFERROUS MATERIALS, SCALE 1 


Weight loss for last 60 min 


Relative exposure, mg per hr 


order Class Materials Average Maximum Minimum 
In fresh water 
1 2 Bronze (Cu-Al) 26.8 47.8 15.4 
2 5 Bronze (Cu-Mn) 36.0 53.0 19.2 
3 7 Nickel-copper (Ni-Cu) 52.5 86.2 20.1 
4 4 Bronze (Cu-Si) 60.3 71.6 49.2 
5 6 Bronze (Cu-Sn-Zn) 72.6 90.4 48.6 
6 3 Bronze (Cu-Sn) 73.3 107.6 53.6 
7 1 Brass or bronze (Cu-Zn) 90.1 134.7 69.5 
In salt water 
1 2 Bronze (Cu-Al) 26.2 47.5 14.5 
2 5 Bronze (Cu-Mn) 35.6 55.4 19.9 
3 7 Nickel-copper (Ni-Cu) 52.3 87.6 21.4 
4 4 Bronze (Cu-Si) 58.8 65.7 54.0 
5 3 Bronze (Cu-Sn) 69.2 106.5 48.5 
6 6 Bronze (Cu-Sn-Zn) 70.9 86.1 57.4 
7 1 Brass or bronze (Cu-Zn) 83.5 122.8 65.2 
TABLE 3 INITIAL RESISTANCE TO CAVITATION EROSION 


FOR NONFERROUS MATERIALS, SCALE 2 


Weight loss for first 30 min 


Relative exposure, mg per hr 


order Class Materials Average Maximum Minimum 
In fresh water 
1 2 Bronze (Cu-Al) 9.6 17.4 5.6 
2 5 Bronze (Cu-Mn) 19.2 31.8 7.0 
3 4 Bronze (Cu-Si) 41.8 55.4 30.8 
4 7 Nickel-copper (Ni-Cu) 44.6 100.8 9.6 
5 6 Bronze (Cu-Sn-Zn) 69.6 95.0 40.6 
6 3 Bronze (Cu-Sn) re 153.0 19.4 
? 1 Brass or bronze (Cu-Zn) 87.6 181.0 50.6 
In salt water 
1 2 Bronze (Cu-Al) 7.3 16.2 2.6 
2 5 Bronze (Cu-Mn) 20.2 36.4 6.0 
3 4 Bronze (Cu-Si) 39.0 45.8 30.2 
4 7 Nickel-copper (Ni-Cu) 42.0 100.8 6.6 
5 6 Bronze (Cu-Sn-Zn) 63.0 92.4 37.8 
6 3 Bronze (Cu-Sn) 70.6 145.8 31.4 
7 1 Brass or bronze (Cu-Zn) 86.0 178.8 45.0 
TABLE 4 RELATIVE RESISTANCE TO CAVITATION EROSION 


FOR FERROUS MATERIALS, SCALE 1 


Weight loss for last 60 min 


Relative exposure, mg per hr 


order Class Materials Average Maximum Minimum 
In fresh water 
1 17 Steel (Cr-Ni) 15.6 17.9 13.5 
2 16 Steel (Cr) 16.6 20.7 11.8 
3 15 Alloy steel 43.7 61.4 20.1 
4 11 Alloy iron 56.2 85.3 41.6 
5 13 Cast steel 59.8 72.8 44.8 
6 12 Steel 61.0 78.2 34.3 
7 10 Iron 70.4 94.8 50.1 
In salt water 
1 17 Steel (Cr-Ni) 15.5 17.9 13.2 
2 16 Steel (Cr) 18.1 23.1 10.8 
3 15 Alloy steel 48.9 64.7 22.0 
4 13 Cast steel 65.6 80.9 53.6 
5 12 Steel 67.9 82.7 39.8 
6 11 Alloy iron 74.3 102.2 51.4 
7 10 Iron 87.0 115.3 56.5 
TABLE 5 


INITIAL RESISTANCE TO CAVITATION EROSION 
FOR FERROUS MATERIALS, SCALE 2 


Weight loss for first 30 min 


Relative exposure, mg per hr 


order Class Materials Average Maximum Minimum 
In fresh water 
1 17 Steel (Cr-Ni) 3.6 5.2 0.4 
2 16 Steel (Cr) 9.8 13.4 5.2 
3 15 Alloy steel 18.6 30.8 7.0 
4 12 Steel 26.0 39.4 8.0 
5 13 Cast steel 30.0 45.8 15.8 
6 11 Alloy iron 57.6 115.8 21.8 
7 10 Iron 74.2 135.4 26.2 
In salt water 
1 17 Steel (Cr-Ni) 3.6 6.0 1.8 
2 16 Steel (Cr) 9.4 12.0 6.0 
3 15 Alloy steel 22.4 37.8 8.0 
4 13 Cast steel 37.2 56.4 19.2 
5 12 Steel 38.6 57.6 17.0 
6 11 Alloy iron 81.8 133.4 31.4 
yj 10 Iron 91.0 151.6 30.0 


scales for the nonferrous group for both cavitation erosion and 
initial resistance to cavitation. 

Class 3, Bronze (Cu-Sn). This classification covers the ordi- 
nary copper and tin alloys, varying from 78 to 90 per cent of 
copper and the remainder tin, except in the case of serial 107, 
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SCALE 
WEIGHT | 
wen’ | SCALE OF RELATIVE RESISTANCE TO CAVITATION EROSION 
'N NON FERROUS MATERIALS FERROUS MATERIALS 
MILLIGRAMS FRESH WATER SALT WATER FRESH WATER [SALT WATER 
PER HOUR MATERIAL BE RIAL MATERIAL SERIAL MATERIAL SERAL MATERIAL 
43. STELL 
26 | BRONZE (2) |) STEEL | | UD Cr-m 
STEEL (73 | STEEL 07) 
“$ STEEL Crom i 
24 | BRONZE (2) Cu-A/ 32 TEEL 
22 | @) Cow | 22 | cua? Sreec | | 
23 | BRONZE (5) Cu-Pin STEEL Crom | 137 | STEEL 09) 
20 STEEL (7) Cr-N 
143 | NICKEL 39 | BRONZE Cy-min 65 STEEL 9) Ni-Cr  sreec 05) 
2s | BRONZE) | NICKEL COPPER (72 STEEL M-Cr | 27 STEEL (46) Cr 
| | 
— | M6 STEEL (12) Rolied 
35 | 
\ BRONZE Cumin | 79 | BRONZE (S$) || ue | STEEL (2) 
#0 | 
__| 
93 | (4) Cu-s/| 93 | ARONEE (4) Cu-s/|| (a) —| 
45 | UM) Cast | 
if | 
107 | BRONZE (3) 126 | STEEL OS) Ni-cr 
75 | (4) | | BRONZE CS) 98 | Cost | 163) Cost) 
$2 @ 20 | BRONZE (4) ON (i) Cast!) \ (7 | STEEL 
US | BRONZE GS) Cu- | Ni 4235) US) Cr-$i 
| BRONZE Cu-S | ae STEEL Cast 
 Cu-Si | |) “2 | MON CO) Cast | | 
9 | BRONZE 9¢ | STEELTI) Cast | won) $i ast) 
7? | BPONZE (3) Cu-Sm || STEEL (5) | 
wo7 | aronze (3) | SRM. (3) 1) pag won (Cost 10N Molcesd) 
a (3) Cu 2) Mo 
6s 15 | 97 | STEEL (2) 69 STEEL (18) 
BRONZE) Cu ~ a0 ON Cast) | 103 (Cost) 
40 | BRONZE | “ON (10) Cost 
| Cu-zr BRONZE (6) Cur “3 MON Cast 
ao WICKEL COPPER 78 BRONZE (2) Cu-Sr Rolled 
38 MON Cast 
as 63 | Polied 
T 
04| BRONZE (6) 00 | BRONZE 79 Ni-Cu(Casth 66 (Cast? 
NICKEL COPPER ($6 | COPPER mca || (OS JRON(O) Cast 79 | 
90 
100 | BRONZE __ won Cos? 
106 (PON (A Cas | (RON CQ) Cas 
rot | cu-sn| Brass (i) =| ave 
| | 101 | BRONZE (3) Cu-S7 S| 
140 
7 | COPPER @ Gu 7 | @ — 
200 


Fic. 9 RELATIVE RESISTANCE SCALE 1 (UNiFoRM Erosion) 


(Relative resistance based on weight loss between 30 to 90 min measurement.) 


where 2 per cent of lead is included, and serial 78, where 5 per 
As before, high copper content appar- 


cent of lead is included. 


remains sixth on scale 2 for initial resistance in either fresh or 
salt water. 


ently reduces ultimate strength and also reduces materially 
resistance to erosion. In the case of serial 101, which is an 86-14 
alloy, the damage in fresh water is about 85 mg per hr, but, in 
sea water, this increases to 105 mg per hr. In contrast to this, 
the remaining materials in this classification either show no 
change between fresh and sea water or else indicate a reduction 
in cavitation damage, such as serial 78 for example, which de- 
creases from 95 mg per hr in fresh water to 75 mg per hr in sea 
water. Some slight change is found in the performance of serial 
77, which is a 90-10 alloy, the damage decreasing from 68 to 
about 60 mg per hr. In general, class 3 ranks sixth on the rela- 
tive-resistance scales, but, due to less damage being suffered in 
salt water by all but serial 101, it is raised to fifth place on scale 
1 for resistance to cavitation erosion for sea water. Its position 


Class 4, Silicon Bronze (Cu-Si). This group represents a wide 
range in chemical composition, but most samples have about 
per cent of copper and from 2 to 5 per cent of silicon with certa 
other materials included in some cases. Average weight loss § 
about 50 mg per hr in either fresh or salt water but shows slight!) 
less in sea water. It stands fourth on scale 1 for erosion in bot! 
fresh and salt water, but stands third on scale 2 for initial resis 
ance, due to the greater skin effect than class 7. This materi 
together with class 5, is used widely in machinery and, in mo* 
cases, should prove satisfactory. 

Class 5, Manganese Bronze (Cu-Mn). These materials hav 
approximately the same chemical composition throughout bu! 
vary in ultimate tensile stress from 70,000 to 100,000 Ib per sq" 
Usual composition averages about 60 per cent of copper, abou! 
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SCALE 
ony INITIAL RESISTANCE TO CAVITATION EROSION 
In NON FERROUS MATERIALS FERROUS MATERIALS 
MILLIGRAMS|[ FRESH WATER SALT WATER FRESH WATER WATER 
PER HOUR rac] MATERIAL Rim! MATERIAL MATERIAL R MATERIAL 
| STEEL cr-M 
STEEL GY) | STEEL (V2) Cr-M 
| BRONZE (2) Cu-A/ 22 BRONZE (2) Cu-Al STEEL OF) | 1/75 | OP) 
22 | BRONTE 2) Cu-A/ 26 | BRONZE (2/ Cu-A/ | S78 GY Cr-m | STEEL OY 
| #8 | STEEL 06) Cr STEEL UY Cr-N 
/49 | MICHEL CO) 
0 STEEL (12) | i STEEL 06) Cr 
M2 | | Sree. (72 OY Ni -Cr 
2 | (5) | 7 STELL Cr 
129 \ BRONZE (2) Ca-A/ | (23 | BRONZE (2) |) 119 | STEEL U3) Cast \ STEEL (2) Rolled 
92 | BRONZE CY) | 126 | STEELOS) Min-Cr\ ig CI) Cast 
(ONO) Wi (Cost) 
97 | STEEL (2) Rolled 
| BRONEE (5) Cu-PIn 167 | STEEL OS) | STEALS) 
S/ 93 BRONZE (4) Cu- A9) 67 STELL OS) Nv 
STEEL 05) Cr-S: 
jo | STEELS) 
20 | BRONZE (4) | BRONZE (I) won Si Cast) 
| BOONZE (5) Cu-rin | | STEEL (3) Cast | | sree: (73) Cost 
| 98 | (RON (0) 
| BRONTE) | | (4) Cu-Si 166 | MON WW Ni STEEL CY Cost 
| BRONZE (4) Cu-St ag\ ‘aon ce (70 09) 
(99 | BRONZE | $92 | BRONGE(Y Cu-Sr 27 | 97 | Rolled 
| BRONTE Cu-S | 
7? | BRONZE (3) Cu-Sr 
ae 20 | 4) | 
77 | QRONZE (3) Cu-S7 | (59 | BRONZE (4) | STEEL (2) Roted 
(02 | BRONZE Cu-SP | 108 | BRONGE 
| BRONZE @) Ga - Si 
50 10 | BRONZE 
(34 | BRONZE (i) “we “ROW (00) Cast 
9 | BRONZE (4) } (0) Cast 
| BRONZE | Gass Cu-tn “a STECL Ca; 
(8 BRONZE | 43 | MON Od 106 | ti) Mo 
| BRONTE Cu | (54 | BPon 1) on lh 
107 | BRONZE(Y) Cu- S77 | 
| BARONS. Cu | 403 | ON (Cast) 
10? | BRONZE (4) Cu-$r | 
\ COPPERC Im (00 BRONZE 42\ (CO) Cast mon Gi) 
| 
100 | BRONZE (6) Ce | — 
| 7s 
BRONZE) | BRONTE | wow Costs “2 | ON Cast 
100 | “3 
(S6 | NICKEL COPPER COPPER 
(i) Cu-tn | — 79 | Men bi) 105 (0) Cast 
| mon bi) Cast) 
BRASS 106 | Cast 79 | mow WW 
| G0) Casr 
| (3) Cu-Sm | 10/ BRONZE (3) Cu-Sr || — 106 | mow Cast 
? | COPPER (8) Cu 2 COPPER (8) Cu — 
240 


Fic. 10) RELATIVE RESISTANCE SCALE 2 (INITIAL Erosion) 
(Initial resistance based on weight loss for initial 30 min period.) 


35 per cent of zine and the remainder iron, manganese, or other 
materials in varying proportions. Some of these materials, 
hamely, serials 21, 89, and 23, are extremely resistant to cavita- 
tion erosion, showing an average weight loss of only 20 mg per 
hr. Other types of manganese bronze, notably, serials 76 and 
115, having lower strength, show an average weight loss of about 
50 mg per hr in either fresh water or sea water. There is little 
or no change in weight loss between fresh and sea water with this 
Material, and it is ranked second in all of the relative-resistance 
seales for nonferrous materials. Behavior under corrosive con- 
ditions has been found uncertain, and care must be used when 
the fluid is sea water. 

Class 6, Bronze (Cu-Sn-Zn). This group comprises the more 
complex bronze alloys or the leaded bronzes. Serials 84 and 100 
are the typical 85-5-5-5 bronze, whereas serial 88 is the standard 
Composition G or Government bronze having 88 per cent of 
Copper, 10 per cent of tin, and 2 per cent of zinc. Serial 108 has 


approximately the same composition, except that the tin has been 
reduced to 9 per cent, and the zine increased to 3 per cent. All 
four materials have relatively low ultimate strength, and cavita- 
tion erosion in fresh water varies from approximately 50 to 85 
mg per hr. In sea water, there is a measurable reduction in 
weight loss for all except serial 108 which shows an increase from 
about 50 to 65 mg per hr, even though this particular material 
has a higher ultimate strength that the other three. This group 
ranks fifth on the relative-resistance scale, except in sea water 
where it drops to sixth place due to the greater damage to serial 
108. This material is easily worked and is readily machinable 
but does not appear to be as good for portions of the machinery 
exposed to cavitation as are several other of the classes. 

Class 7, Nickel Copper (Ni-Cu). This group comprises alloys 
of nickel and copper in varying proportions, ranging from 30 per 
cent of nickel and 70 per cent of copper for serial 156 down to 
66 per cent of nickel and 31 per cent of copper for serial 141. 
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Serial 171 falls about halfway between these two. It would 
appear that strength is increased materially as nickel content is 
increased, and cavitation damage is correspondingly reduced. 
Serial 156 averages about 85 mg per hr with the 30 per cent nickel 
content, whereas serial 141 loses only 60 mg per hr and has a 66 
per cent nickel content. Serials 143 and 142 have approximately 
63 per cent of nickel and slightly over 30 per cent of copper, but, 
in serial 143, about 3 per cent of silicon has been added, and, in 
serial 142, about 3 per cent of aluminum is present. Serial 142 
has an extremely high ultimate tensile strength, ranging up to 
150,000 lb per sq in., and its cavitation damage is represented by 
a weight loss of about 25 mg per hr in either fresh or salt water. 
Serial 143, however, has an ultimate tensile strength of about 
110,000 lb per sq in. but has a cavitation-damage index of only 20 
mg per hr as compared with 25 mg per hr for the higher-strength 
material. This group represents the widest variation in cavita- 
tion damage between individual materials and when averaged, 
falls in third place for resistance to erosion, scale 1, and in fourth 
place for initial resistance to cavitation damage, scale 2. If 
serials 142 and 143 alone were considered, they would fall in 
second place, whereas serials 156 and 171 would fall approxi- 
mately in fifth place. 

Class 8, Pure Metals (Cu). As a basis for comparison, speci- 
mens of pure copper were subjected to cavitation testing, and, 
in fresh water, this material loses about 185 mg per hr and in sea 
water, about 175 mg perhr. This has not been included in any 
relative-resistance scales as it was tested for general information 
only. It indicates that copper is relatively soft and has low 
fiber and fatigue strengths. When alloyed with very small quan- 
tities of silicon, tin, or other materials, the cavitation damage is 
reduced to one fourth that of the pure material. 


Ferrous MatTeERIALs (Fic. 8) 


Class 10, Cast Iron. With ultimate tensile strength varying 
from 25,000 to 40,000 lb per sq in., cast iron is characterized by 
lack of uniformity and great increase in cavitation damage in sea 
water, as compared with fresh water. Maximum weight loss in 
fresh water is about 95 mg per hr, but this jumps to 115 mg per 
hr in sea water. Minimum damage is on the order of 50 mg per 
hr, but this, in turn, increases materially in sea water. In one 
case, serial 98, the material loses only 50 mg per hr in fresh water, 
but this increases to 80 mg per hr in sea water. It stands in 
seventh place on all scales of relative resistance. 

Class 11, Alloy Iron. When iron is alloyed with nickel, silicon, 
or other materials, the strength is increased by a small amount, 
but the grain structure is greatly improved as cavitation damage 
is appreciably less than ordinary cast iron and, with few excep- 
tions, the increase in weight loss between fresh and salt water is 
not as great as with ordinary cast iron. 

Class 12, Steel. With rolled and forged steels of ordinary 
characteristics, without unusual alloying elements, tensile 
strengths varying from 60,000 up to 85,000 lb per sq in. can be 
obtained. With one exception, weight loss is between 50 and 75 
mg per hr in fresh water but increases appreciably in sea water. 
This group stands sixth on relative-resistance scale 1 in fresh 
water and fifth in salt water. Initial resistance to cavitation, 
scale 2, is greater than cast steels or irons, in so far as fresh-water 
conditions are concerned, but it is less resistant than cast steel in 
salt water. Differences in composition between the various 
steels in class 12 are not very great, and the only distinguishing 
characteristic of serial 116 seems to be a higher percentage of 
manganese and a slightly greater carbon content, that is, 0.3 as 
compared with 0.25 per cent. Serial 83 has a still lower carbon 
content, 0.2 per cent, while serial 127 has the same carbon content 
as serial 116 but has no measurable percentage of manganese 
present. Slight differences in cavitation resistance may be due 


to varying carbon contents and to small changes in manganese 
content. 

Class 13, Cast Steel. These cast steels are all of good quality 
having an ultimate tensile strength of 75,000 lb per sq in. They 
do not differ materially from the rolled steels of class 12 and follow 
the same general trend of having slightly greater damage in sea 
water, as compared with fresh water. In general, the characteris- 
tics of classes 12 and 13 are very similar, and they stand next to 
each other on the relative resistance scale, with cast steel showing 
slightly better resistance than rolled steel in sea water. 

Class 15, Alloy Steel. In the alloy steel group, many different 
compositions are encountered all having less than 5 per cent of 
either nickel or chromium present. Serials 172 and 165 contain 
less than 5 per cent of nickel with about 1 per cent of chromium 
and have very high strength, namely, 150,000 lb per sq in., and 
show very little damage from cavitation. There is some slight 
increase from the average of 20 mg per hr loss in fresh water to 
23 or 24 mg per hr loss in sea water for these two materials. The 
remainder of the alloy-steel group average close to 50 mg per hr 
loss in fresh water and slightly more than that in sea water. 
Performance of the other six specimens is remarkably uniform, 
and there are no distinguishing characteristics in either fresh or 
salt water. Alloy steel stands third on all relative-resistance 
scales and represents a very satisfactory material for turbine or 
pump impellers. It shows less cavitation damage than rolled or 
cast steel where alloying elements are not present. 

Class 16, Chromium Steel. This classification includes chro- 
mium alloys having varying percentages of chromium in excess of 
5 with a negligible percentage of nickel present. All four mate- 
rials have approximately 12 per cent of chromium, and there are 
very few differences in their composition. Serial 131 was oil- 
hardened, whereas serial 128 was hardened by ordinary methods. 
Brinell hardness runs from 285 up to 375, and Rockwell B hard- 
ness is in the neighborhood of 105. Ultimate tensile strength of 
serial 131, reaches 180,000 lb per sq in., and this particular mate- 
rial is the most resistant to cavitation erosion, scale 1, of any 
tested, but its initial resistance, scale 2, is not as high as some of 
the nickel-chromium steels in class 17. On all relative-resistance 
scales, this material stands second, based upon the average of 
materials tested. It shows somewhat increased damage in sea 
water, as compared to fresh water, with a possible exception of 
serial 128. 

Class 17, Nickel-Chromium Steel (Cr-Ni). Nickel-chromium 
steels represent variations of the so-called stainless steels and are 
uniformly very resistant to cavitation damage. The maximum 
rate is on the order of 20 mg per hr and the average, in either 
fresh or salt water, is slightly under 18 mg perhr. This material 
stands at the top of all relative-resistance scales, both for uniform 
erosion, scale 1 and for initial resistance to cavitation damage, 
scale 2. Ultimate tensile strength varies from 75,000 lb per sq 
in. to a value in excess of 115,000 lb per sq in. but, for the most 
part, ranges between 75,000 and 85,000 lb per sq in. The alloy 
has a dense grain structure and high fiber stress and fatigue limit. 
The experience record with this material in acutal service in fresh 
water indicates that it is most satisfactory. It has been found 
possible to apply a welded coating of nickel-chromium steel to 
ordinary steel-turbine or pump blades to make them more resist- 
ant to cavitation damage. Use of this material in contact with 
ordinary steel in sea water produces severe electrolytic action 
and is not recommended for welded coatings. General use of 
this material in sea water is still open to question as results show 
in some cases that severe local corrosion has developed rapidly 
after submergence in sea water. This unsatisfactory performance 

in sea water has stimulated research work, and improvements 12 
corrosion resistance have been made by changing the chemical 
composition and by the use of other alloying elements. Before 
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being used in sea water, special service tests should be made under 
conditions closely approaching actual operation. 


VenNTuRI TESTS 


As mentioned previously, the original method developed for 
testing resistance of materials to cavitation was in a venturi- 
shaped section through which water was passed at an extremely 
high velocity. To coordinate previous research work with the 
new vibratory method, the original contract with Massachusetts 
Institute of Technology contemplated checking six different 
materials, one specimen in fresh water and two specimens in salt 
water, to determine whether or not the relative scale of resistance 
to cavitation would be the same if established by the vibra- 
tory method as compared to its development by the venturi 
method. As the vibratory tests proceeded and the results indi- 
cated that the scale of relative resistance was reliable and, also, 
since the funds available for this investigation were restricted due 
to the termination of the project, only three materials were 
tested by the venturi method, and the funds thus released would 
be utilized for additional tests by the vibratory method. The 
small venturi machine at the Massachusetts Institute of Tech- 
nology was to be employed for these tests, and sufficient quanti- 
ties of sea water from Cobscook Bay shipped to Cambridge for 
this purpose. 

Careful study of the behavior of the smaller venturi apparatus 
indicated that its use would require a much longer time for the 
investigation than was available, but, if the larger venturi ma- 
chine was employed, the time element could be reduced greatly, 
and special castings or rolled plates needed for the smaller appa- 
ratus would become unnecessary. There was sufficient material 
remaining from the vibratory tests to prepare duplicate speci- 
mens for the large venturi tests. This represented a distinct ad- 
vantage in that identical materials were investigated in both types 
of apparatus. 

The venturi specimen consisted of a flat disk, 1'/, in. in diame- 
ter and approximately '/, in. thick, which was fastened by 
three screws to a holder inserted in the throat of the venturi 
apparatus. These specimens were prepared in the laboratory 
machine shop and were polished to give the same surface condi- 
tions as with the vibratory apparatus. 

Three materials were selected; namely, cast iron, class 10, 
serial 82; cast steel, class 13, serial 118; and manganese bronze, 
class 5, serial 76; after a careful study of their behavior in sea 
water in the corrosion laboratory at Eastport. They occupied 
widely separated positions on the scale of relative resistance and, 
at the same time, were materials that were frequently employed 
for hydraulie-turbine runners and pump impellers. A supple- 
mentary test covering the behavior of nickel-chromium steel, 
class 17, serial 132, was conducted in fresh water only. 


ARTIFICIAL SEA WATER 


The quantity of water required for tests in the large venturi 
’pparatus was very large, approximately 5 tons, and precluded 
the idea of utilizing water taken from Cobscook Bay. During the 
investigations, various synthetic sea-water solutions were pre- 
pared and tested in comparison with natural sea water and 
ordinary fresh water. A special solution, used in the venturi- 
test program, simulated very closely the water taken from Cobs- 
cook Bay, 

It was found that Turk’s Island salt was available in Eastport, 
and a large sample was obtained for test purposes. This salt 
‘Ss prepared from sea water by evaporation and approximates 
“losely the chemical composition of the salt in natural sea water 
but is deficient in a few constituents. The chemists in the Con- 
‘rete Laboratory prepared a synthetic sea water based upon the 
use of Turk’s Island salt to give a solution having the same den- 
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sity as natural sea water; namely, 1.023. This Turk’s Island 
sea water gave less damage in the vibratory apparatus than did 
the natural sea water drawn from Cobscook Bay. Several 
variations of chlorine content were tried, and the final solution 


was prepared with the following percentages of the various types 
of salt: 


Per cent 
Turk’s Island salt 53.6 
Sodium chloride 32.5 
Magnesium chloride 7.13 
Magnesium sulphate 5.7 
Calcium chloride 1.07 


The density of this solution was 1.0237 as compared with 1.023 
for natural sea water. 

To correlate the two methods more carefully, samples of the 
artificial sea water were withdrawn from the venturi apparatus 
during the test, and additional vibratory tests made on the same 
materials in this artificial sea water to check the behavior against 
the previous vibratory investigation in natural sea water (Fig. 5). 
The solution causes about the same damage as does natural sea 
water, except in the case of cast iron where some decrease in the 
damage was found. In general, the artificial sea water can be 
considered the test equivalent of natural sea water and the results 


obtained in the venturi apparatus utilized without danger of 
incurring any serious error. 


COMPARISON BETWEEN VENTURI AND VIBRATORY METHODS 


The venturi method had been used previously in determination 
of the relative resistance of different materials to cavitation 
erosion. Attempts have also been made with some degree of 
success to correlate the data obtained from different venturi- 
testing units. It has been found that the form of profile, size of 
unit, air content and temperature of the fluid, velocity of flow, and 
absolute pressure at the venturi throat have a direct bearing upon 
the amount of cavitation damage occurring on the test specimens. 

With the vibratory apparatus, however, no such basis of pre- 
vious experience is available. Except for the check tests on cast 
iron, cast steel, and bronze in the venturi apparatus at Mas- 
sachusetts Institute of Technology, no comparison between the 
two methods has been made. 

Comparison of weight loss on the various materials tested by 
the vibratory method with weight loss on the same materials 
tested by the venturi apparatus indicated immediately that the 
two series of investigations cannot be compared directly unless 
some other factor, such as time or frequency of vibration, is con- 
sidered. Detailed study of results by the two methods was made 
in an endeavor to correlate them in some reasonable manner. 


COMPARISON OF WeEIGHT Loss PER UNIT AREA 


The first step in securing this comparison was to reduce all 
readings of weight loss to a common basis of weight loss per unit 
area. The range between maximum and minimum curves in the 
venturi apparatus was much greater than in the vibratory appa- 
ratus. It was found that weight loss per unit area per unit time 
showed the same discrepancies, and the ratio between the values 
in the two types of equipment showed that rate of weight loss per 
hour in the vibratory apparatus was about 45 times that in the 
venturi apparatus. This was about one third the ratio of the 
frequencies. 

Frequency of the vibratory apparatus was 6690 cycles per sec. 
Calculated frequency of the venturi apparatus was 47 cycles per 
sec, and measurements made in the venturi tests confirmed this 
value as being in the neighborhood of 50 cycles per sec. The 
ratio between the two frequencies is about 140 which would indi- 
cate that the vibratory apparatus would produce the same 
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number of cavitation blows in '/49 of the time required in the 
venturi apparatus. 

A new unit of measurement, “weight loss per unit area per 
million blows,’’ was then used and designated as W. These 
values still showed a marked discrepancy between the two meth- 
ods, but, if the damage W at the end of a given number of blows 
is compared for the same material in the two different types of 
tests, still another ratio, S, called for convenience “the relative- 
intensity ratio,” is possible. 

While this ratio S varies with different types of materials, due 
probably to the differential existing between the ultimate 
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Fig. 11 Renation BETWEEN VIBRATORY AND VENTURI RESULTS 
strengths of the materials and the stress imposed by the cavitation 
blow, there was a marked uniformity for a given material. As 
shown in Fig. 11, the ratio S remains practically constant for the 
range up to between 10,000,000 and 12,000,000 blows, with the 
exception of the cast-iron specimen in salt water. Severe cor- 
rosion on the venturi test may account for this. 

Investigation was also made comparing rates of change of 
cavitation damage, which would be indicated as R, being the 
ratio of the incremental weight losses obtained as the first dif- 
ferential of the weight-loss curves. This study showed no major 
departure from results secured by use of the relative-intensity 
ratio S. 


RELATION BETWEEN VIBRATORY AND VENTURI METHODS 


It will be seen that a direct relation between the two methods 
is not possible from the meager test data now available from the 
venturi tests of the three materials investigated. It is gratifying 
to note, however, that, in both vibratory and venturi tests, the 
relative positions of the different materials are the same with 
respect to each other, bronze being the most resistant, steel 
second, and cast iron third. The relative-resistance rates (Table 
6) are compared with cast iron in fresh water. 


TABLE 6 COMPARISON OF RELATIVE RESISTANCE BY 
VIBRATORY AND VENTURI METHODS 

-——Venturi——. 
Fresh a Fresh Sea 

Material water water water water 

76 Bronze 1.6 1.5 60.0 55.0 
118 Cast steel 1.3 0.95 1.6 5.6 
82 Cast iron 1.0 0.54 1.0 0.2 


Appearance of the individual specimens indicates that the 
action in the venturi apparatus is proceeding at a much slower 
rate than is the case with the vibratory testing. In the venturi 


tests, the bronze and stainless-steel specimens give the appearance 
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of severe hammering having taken place on the surface. As the 
test continued, these surfaces gradually assumed a pitted ap- 
pearance. At the end of 60 or 80 hr, a pronounced change in the 
surface could be detected, and numerous pits were present. This 
is equally true of stainless steel, serial 132, except that the pits 
were few in number and relatively small in size. 

In the case of cast iron, which is brittle and not ductile, the 
initial stage is practically nonexistent, and pitting action begins 
at once. With cast steel, some plastic deformation takes place 
in initial stages of exposure to cavitation action, but the metal 
did not retain its fiber strength for as long a period as certain 
nonferrous materials. 

Combined with the action of cavitation damage, there was also 
the corrosive action of sea water, which, in the venturi apparatus, 
apparently increased the damage due to longer exposure of the 
specimen to sea water, permitting the chemical action to become 
further advanced. This is particularly noticeable with respect 
to serial 82, cast iron, in sea water as compared with fresh water. 


Puastic DEFORMATION AND PITTING 


Considering only cavitation action independent of corrosive 
action, it would appear that work hardening or plastic deforma- 
tion takes place on those materials which are ductile. The 
second action, indicated as pitting, apparently takes place only 
after the fatigue limit or ultimate strength of the fibers has been 
reached. 

It is probable that the intensity of the blow in the vibratory 
apparatus is greater than is found in the venturi apparatus with 
the result that the work-hardening and plastic-flow period may be 
passed in a relatively few minutes, and, in some cases, the blow 
intensity is so great that the ultimate strength of the fibers is 
exceeded at once, in which case the pitting stage is reached 
immediately. 

CONCLUSIONS 

(1) The conclusions to be drawn from this investigation must 
be qualified by considering the behavior of the various materials 
in sea water in the first two phases of the corrosion investigation, 
namely, pure corrosion and electrolysis. Many high-strength 
materials have not indicated satisfactory behavior in sea water 
at Eastport. 

(2) In so far as application to hydraulic turbines, pumps, and 
other machinery operating in fresh water under conditions where 
cavitation will exist, various materials can be selected with reason- 
able assurance from the scale of relative resistance developed for 
fresh water. The consolidated-resistance scale for both cavita- 
tion erosion and initial resistance to cavitation can be found in 
Figs. 9 and 10, where individual materials are listed in the order 
of their loss of weight in the vibratory apparatus. 

(3) Where equipment is to be operated in salt water or in con- 
taminated water which would have a corrosive action, or where 
material is subjected to electrolysis due to its being in contact 
with some dissimilar material, the cavitation-resistance scales 
alone are not reliable, and it is necessary to have the comparative 
data upon the corrosion and electrolysis behavior of the mate- 
rials in the particular fluid under consideration. 

(4) From acomparison of results of the venturi tests with the 
vibratory tests, it is evident that the same relative behavior is 
found in the two methods. However, the vibratory test repre 
sents a much accelerated condition, and the 90-min test period 
offers little time for chemical action to become effective. The 
venturi method allows more time for chemical reactions to take 
place, and the greater damage to cast iron in salt water is probably 
due to the chemical action assuming substantial proportions 
compared with pure cavitation erosion. Actual service condi 
tions may produce greater relative damage in sea water than was 


Rag mer 
- 
; 
a 
: 
y 
cay 
| 
ek 
“ey 
‘ag 


HYDRAULICS HY D-59-4 


Fresh water Sea water 


Fie. 12 Resvuvts or Vipratory Test or Brass, Crass 1, Sertar 10 


(Best results for class 1.) 


Fresh water Sea water 


Fic. 13 Resu.ts or Visratory Test or Brass, Cuass 1, SERIAL 17 
(Poorest results for class 1.) 


Fresh water Sea water 


Fie. 14 Resuits or Visratory Test or ALUMINUM Bronze, 2, SertaL 24 
(Best results for class 2.) 
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Fresh water 


Fic. 15 Resuuts or Vipratory Test oF BRONZE (Cu-Sn), Crass 3, SERIAL 102 
(Best results for class 3.) 


Fresh water Sea water 


Fic. 16 or Vipratory TEst oF SInicon Bronze, Ciass 4, SERIAL 93 
(Best results for class 4.) 


Fresh water Sea water 


Fic. 17 Resutts or Vipratory TEsT oF SILICON BRoNzE, CLass 4, SERIAL 159 
(Poorest results for class 4.) 
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Fresh water Sea water 


Fic. 18 Resvuits oF Vipratory Test OF MANGANESE Bronze, Cuiass 5, SERIAL 23 
(Best results for class 5.) : 


Fresh water Sea water 


Fig. 19 Resvutts or Vispratory Test oF Bronze (Cu-Sn-Zn), Crass 6, 108 
(Best results for class 6.) 


Fresh water Sea water 


Fic. 20 Resvutts or Vipratory Test oF NIcKEL-Copper, Cuiass 7, SERIAL 143 
(Best results for class 7.) 
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Fresh water Sea water 


Fig. 21. Resuuts or Vipratory Test or Coprer, Ciass 8, SERIAL 7 


Fresh water 


Fic. 22. Resuwts oF Visratory Test oF Iron, Ciass 10, SERIAL 98 
(Best results for class 10.) 


Fresh water Sea water 


Fig. 23) Resvuts or Visratory Test oF Iron, Crass 10, Sertar 106 
(Poorest results for class 10.) 
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Fresh water 


Fic. 24 Resvurits or Visratory Test of ALLoy Iron, Ciass 11, Sertan 163 
(Best results for class 11.) 


Fresh water Sea water 


hic. 25 Resuits or Visratory Test or Steen, Crass 12, 116 
(Best results for class 12.) 


Fresh water Sea water 


Fic. 26 Resuits oF Vispratrory Test oF Cast Steet, Crass 13, Sertarn 119 
(Best results for class 13.) 


; 


394 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Fresh water Sea water 


Fig. 27. Resvutts oF Vispratory Test of ALLOY STEEL, 15, SERIAL 165 


(Best results for class 15,) 


Fresh water Sea water 


Fie. 28 Resutts or Visratory Test oF ALLOY STEEL, CLass 15, Sertan 170 
(Nonuniform results.) 


Fresh water sea water 


Fic. 29 Resutts oF VIBRATORY TEST OF CHROMIUM STEEL, Ciass 16, Sertau 131 sligh 
(Best results for class 16.) Fk 
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Fresh water 


Fig. 31 


indicated by vibratory tests, particularly with regard to ferrous 
materials. 

(5) Analysis of an independent set of tests previously made 
2 &@ venturi apparatus for one of the organizations supplying 
material for this program indicated that the same relative- 
resistance scale as developed by the vibratory apparatus holds 
‘pproximately true with the venturi apparatus and, hence, rela- 
tive performance of the two sets of apparatus can be relied upon 
‘o give reasonably satisfactory results. 

(6) Comparison between natural sea water and artificial sea 
Water as shown in Fig. 5 indicates that synthetic water in the 
venturi apparatus caused slightly less proportional damage in the 
‘ase of cast iron than did natural sea water, whereas it caused 
‘lightly more damage with the cast-steel specimens. In all three 
“ases, water drawn from the venturi apparatus and used in 
vibratory tests at 34 C show slightly more damage than in fresh- 
Water tests at 25 C. By comparison, therefore, it would appear 
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Resutts or VIBRATORY Test OF NICKEL-CHROMIUM STEEL, CLAss 17, Sertan 173 
results for class 17.) 


Sea water 


Rests or VENTURI Test oF Bronze, Cuiass 5, SERIAL 76 


that cast iron as tested with synthetic sea water would not show 
as much damage as with natural Quoddy water. In the venturi 
apparatus, a slightly greater differential between fresh and sea 
water would have been found if it had been possible to use 
natural instead of artificial sea water. The discrepancies are 
not sufficient to change the conclusions or to change the scale 
of relative resistance. 

(7) Recommendations in regard to the specific materials to 
use in turbines, pumps, and other similar equipment are beyond 
the scope of this paper. In cases where fresh and noncorrosive 
water is available, such as exists in the majority of water-works 
pumping plants or in almost all hydroelectric plants, the scale of 
relative resistance (Fig. 10) determined for fresh water should 
be a reasonably accurate guide to the selection of proper materials. 
If a cheaper material can be coated with a more resistant metal 
by welding or other means, then the coating metal can be selected 
in the same manner. 
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(8) Where a corrosive fluid is encountered, be it sea water in 
its various conditions of purity or contamination, or some alka- 
line or acid water, or a corrosive solution in a chemical plant, the 
proper material can be selected only after a series of corrosion 
tests under actual conditions or from a long and comprehensive 
set of experience records. Too much emphasis cannot be placed 
upon the rapid deterioration of structures and equipment exposed 
to corrosion or electrolysis. The method of protecting cast-steel 
turbine runners with a local coating of nickel-chromium or other 
corrosion-resistant steel cannot be used where sea water is present 
due to the severe electrolytic action that takes place between 
these two materials. 
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Pitting Resistance of Metals Under Cavitation 
Conditions 


By J. M. MOUSSON,' BALTIMORE, MD. 


The paper describes the experimental apparatus and 
testing procedures used to determine the pitting resistance 
of metallic materials under accelerated cavitation condi- 
tions. The results of this research, sponsored by the Safe 
Harbor Water Power Corporation, are compiled in a series 
of tables and the classification of metals is discussed in 
the light of the metallurgical data made available for the 
materials and the metallographic analysis carried out in 
connection with the research program. The conclusion 
is reached that a more rational approach has been provided 
for selecting materials subject to attack by cavitation. 


INTRODUCTION 
si HE PROPER selection of materials for hydraulic equipment 


exposed to cavitation is still exceedingly difficult in many 


instances in spite of the fact that pitting has been discussed 
rather frequently in the past. It has been generally recognized 
that the main obstacles to a more rational approach were the 
absence of truly comparative data on the pitting resistance of 
an adequate number of materials, which may be given considera- 
tion in the course of manufacture and maintenance of hydraulic 
machinery, and the lack of definite information regarding those 
alloy characteristics influencing the resistance of materials, as 
well as the nature of their failure when exposed to the punishment 
under consideration. 

Recognizing the need for further progress, the Safe Harbor 
Water Power Corporation decided in 1934 to sponsor a research 
program with the following objectives: 

(a) To make a standard loss determination on a large variety 
of metals in cast, rolled, forged, welded, and sprayed conditions, 
when exposed to cavitation artificially produced by a testing ap- 
paratus. 

(b) To study the nature of the failure and to determine, if 
possible, those material characteristics, controllable or uncon- 
trollable, influencing the resistance of the materials. 

(c) To compare pitting due to cavitation, and erosion due to 
water jet, to see whether or not the results obtained with the 
cavitation test stand can be used as a basis for selecting ma- 
terials to withstand both types of stress application. 


CAVITATION APPARATUS 


With the test stand as shown in Fig. 1, a zone of cavitation 


' Hydraulic Engineer, Safe Harbor Water Power Corporation. 
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understood as individual expressions of their authors and not those 
of the Society, 


was produced by means of a double weir arrangement. This 
general type of design, originally developed by Walchner, found 
practical application for the tests carried out by Schréter at the 
Walchensee development (1).2 Its advantages over venturi 
profiles, or sections with protruding obstructions were the rather 
limited expanse of the cavitation zone, and the accelerated pitting 
conditions, two factors particularly desirable with a view to the 
size of the specimens and the duration of the test runs, respec- 
tively. In addition to some minor changes in the weir shapes 
and orifice dimensions, a major modification was made in the loca- 
tion of the specimens. In the original design by Walchner a 
single specimen was placed opposite the guiding weir, while the 
apparatus finally adopted for these tests provided for two speci- 
mens inserted in the parallel side walls opposite each other. 
This permitted the testing of duplicate specimens simultaneously, 
and gave a higher degree of test accuracy without increasing the 
number of runs. The new location for the specimens was also 
desirable because pitting was found to be far more severe on the 
side walls than at the bottom opposite the guiding weir. At 
the same time there could be no doubt that, at the new location 
the specimen was less subject to the direct impingement of the 
fluid which produces impact stresses superimposed on those ex- 
erted by cavitation. The dimensions of the specimens were 
4X in. (Fig. 2). 

To accelerate the test conditions sufficiently a high head had 
to be provided, and the apparatus was therefore installed at the 
Holtwood Steam Station of the Pennsylvania Water & Power 
Co., where a maximum head of 1250 ft could be made available 
by using a raw-water pump and a boiler feed pump in series. 

For ordinary testing, fresh raw water from the forebay of the 
Holtwood Hydro Station was supplied continuously to the test 
stand and wasted into the tailrace. For special purposes, 
however, a recirculating system was installed. The pressure 
upstream and downstream of the test stand could be regulated 
by the speed of the boiler feed pump and by a valve, respectively. 
Based on the results of the calibration runs shown in Fig. 3, 
standard testing procedures were adopted using a head pressure 
of 480 lb per sq in. and a back pressure of 25 lb per sq in. The 
duration of each run was 16 hr. The amount of pitting was 
determined by weighing the specimens before and after the test. 
For comparative purposes, however, the loss in volume was used 
to compensate for the difference in specific gravity of the various 
materials. 

The influences of variation in water temperature and air con- 
tent were also investigated. As may be seen from Fig. 4, the 
losses obtained at various temperatures of the available seasonal 
range, with specimens of rolled, stainless, 18-8 chromium-nickel 
steel of a particular analysis, were not constant but, for all 
practical purposes, directly proportional to the vapor pressure. 
This characteristic was confirmed by tests carried out with the 
recirculating system where the temperature could be controlled 
artificially. Under the same conditions, repeat tests were made 
using boiler-plate steel, sheet brass, rolled-copper bus bar, and 
three different types of welding deposits, in which the same char- 
acteristic was indicated. Because of the temperature effect all 
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Fig. 1 Hourwoop CaviraTion STAND 


(Scale: 


lin. = 10 in.) 


Fie. 2. Typicat CAVITATION SPECIMEN 
(Specimen No. 97, Table 6. X 1%/..) 
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losses were corrected by an amount based on the ratio of the 
vapor pressures at test temperature and at a common tempera- 
ture arbitrarily assumed to be 20 C. 

As may be seen from Fig. 5, the tests with artificial air in- 
jection indicated that with a head pressure of 480 lb per sq in. 
(throat velocity 265 fps) more than one per cent of air was re- 
quired above the natural air content of the water to produce a 
cushioning effect of sufficient magnitude to reduce pitting by an 
appreciable amount. Since the natural air-content variations 
could be expected to be less than one per cent no correction needed 
to be applied to compensate for this seasonal effect under the 
testing conditions adopted. 


RESULTs OF RESEARCH 


A Metallurgical Aspects of Failure Due to Cavitation 


Prior to this research, it had already been recognized that 
failure caused by cavitation was primarily mechanical. At the 
same time three different theories had been developed relating 
the pitting resistance either to the corrosion-fatigue limit (2), the 
Brinell hardness (1), or to the tensile strength (3), but inconsist- 
encies left the field wide open to speculation. 


NOTES. 
COPPER BUS BAR USED FOR ALL RUNS 
DURATION OF RUNS - 4 HOURS 
ALL LOSSES CORRECTED TO 20°C. 
2 ! sed 
> THROAT VELOCITY 265FT/ ‘ 
5 
THROAT VELOCITY 235 FT./SEC. 
* 
a 
THROAT VELOCITY 200 FT. or 
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AMOUNT OF AIR INJECTION - PERCENT OF DISCHARGE 


Fig. 5 Errecr or Ain CoNTENT ON PITTING 


Based on the photomicrographic analysis of many specimens 
in the course of this investigation, it may be concluded that with 
regard to the mechanical failure, the following alloy character- 
isties are of influence: Yield point, capacity of deformation or 
yield absorption, tensile strength, fatigue properties, original 
hardness, cold working qualities or susceptibility to strain hard- 
ening, grain size, grain boundaries, grain shape, grain structure, 
distribution of alloy constituents, chemical composition, im- 
purities, and crystallographic properties. Although one or 
another of the above characteristics may be predominant with 
regard to the resistance of one particular material, nevertheless 
it should be borne in mind that all other characteristics contrib- 
ute their share in any case and are of vital importance particu- 
larly when the individual influences are combined to a com- 
posite effect. 

Some pertinent facts pertaining to the metallographic phase 
of this research have been published previously (4, 5). 
It may suffice to say that two types of failure were indicated: 

(a) Failure due to successive deformations in the zone of high- 


est stress concentration after the capacity of yield has been ex- 
hausted (Fig. 6). 

(b) Failure due to fatigue beneath the zone of possible yield 
where some stress distribution has already taken place. The 
separations in this zone may be typical fatigue or cleavage 
cracks (Fig. 7). 

The relationship of yield point, capacity of deformation, and 
fatigue limit differ in various materials and, depending upon 


Fic. 6 Prastic DerorMATION IN ZONE OF YIELD 
(Copper bus bar. X 200.) 


Fic. 7 Fatigue Cracks tn SareE Harspor TURBINE STEEL 
(Specimen No. 10, Table 2. 500.) 


these, as well as upon the severity of cavitation, one or another 
type of failure may predominate. Yield point, capacity of def- 
ormation, tensile strength, and fatigue limit may be termed 
primary influences as these physicals have direct bearing upon 
the nature of the failure. All other alloy characteristics referred 
to above may be termed secondary, not with regard to their 
importance, but because they do not change the nature of the 
failure. The importance of the secondary influences can best 
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be illustrated when discussing the results obtained with the vari- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Tasie I Prain AND Cast Irons 
Chemica! Composition - Percentage of Physica! Properties} Cavitation 
No Alloy Condition 
[Mn {Si [Ni [Cr Cu 
|Cest 3/8 la As Cost 
|Cast tron mth Costing Stin| 320 je] __As Cost 
3 |Nickel-Tensyleron |254 lo As Cost 
4 |5%Nickel Gstiron | 2.93) . As 
5 |NiluCostiron 600) /.00|700'\e] As Cost 
6 |277 188 \6.00\c As Cost 
7 Wier lu Cost iron {2.95 395|600\a As Cost 
@: Actual Analysis Estimated Analysis °Moximum 


Taste I. Cast Low Sreeis 
1S [Si | Nt [Cr | Mo} V reated | Held in int of Aras 20°C 
10 | .33% Corben Stee!’ | 33} |.032].030 le] Annealed 1620 | 360\Furnoce| 74250 | 38900| 350| 472 | /59 | 624 
[Mn Stee! 45 (1.51 47 Quenched and Drown |/725 | 90 | Air _| 1225 | 240 85.000| 120 | 180 | 208 | /040 | 
12 [Mn Stee! 47 Quenched and Drown |/725 | 90 | Air | 7/75 |/20| Air |740,000|100,000| 180 | 30.0 | 285 796 
13 |.29% Carbon Stee!™| .29| .80|.020|.020| .23 | .28 Annealed and Drown | 1650 urnace| 800 7/,500| 48,000| 320 | 498 | /33 | 578 
14 Mi Steel 29 [1.79 |.032| .36 [155 | Quenched and Drawn | /600 Air_|/250 Air | 88,000| 60000| 280[450| 164 | Si | 
75 |Ni Stee! .70 40|300 le] As Cost j94 | 427 
\Cr Steel 20 | .78 48 168 Quenched and Drawn| 1750| 90 | 0:/ | 1/75 |/20| Air |7125000|100,000| 160 | 350 | 293 37/ 
17 |Mn Mo Stee! 29 [1.28 43 la] Quenched ond Drown| 1725 | 90 | Air |/250|/20| Air | 85,000| 55000| 220 | 40.0| | 1520 
18 |Mo Steel 27 | 75 52 Quenched and Drown! /700 Air |/250 Air | 85000) 55000| 300] /9z2| 736 | 
79 | Ni Cr Mo Steel 28 | 65 60|.25| |e] Quenched ond Drawn| /700 Air | 1/250 Air_ 85,000] 55000] /80 | 300| 779 | 548 | 
20 |i Cr Mo Steel .30| 65 200| .75|.25| |e] Quenched and Drown| Air | 1250 furnoce| 100,000| 65000| 180 | 300|788 | 4/7 | 
2/ \Ni Cr Mo Steel .3/ |.75 4512/5 | .%6| Quenched and Drawn |1725 | 90 | Air |/225 |720| Air |705000| | 20/ | 307 
22 [Cr Mo Stee! 1137 48 |.50|  |a|Quenched and Drawn |1725| 90 | Air |/2001120| Air 1/40,000|/05,000 342 | 369 
73 |Cr Mo Steel 51 48 |.50| jal Quenched and Drawn|/725 [90 | Air [7000 | Air 1200,0001/70,000 52 1.3 
24 \Cr Mo Steel {137 48 | .50 al Quenched and Drown|1725 | 90 | | 400 |/20| Air |25q000|225000 640 | 47 
25 |Cr Mo Steel 22 | 55 500! .50|  lelQuenched and Drawn |/700 Air |1250 furnace} /10,000| 75,000| 76.01 300|/58 | 302 | 
\Cr Mo Steel 19 | 39 557| .47 Quenched end Drawn |/850 | 90 | Air | Air |110,000| 75000|\ 40 |300\2/5 | 149 | 
27 |cr V Stee! 65 |.65 1.00 19 |e] Quenched and Drawn | 1600 Air |1200 Furmoce 295 | 167 | 
aActual Analysis e: Estimated Analysis) SofeHarbor Runner Stee! Electric Furnace Cast Steel 
Taste I Rorreo Low Sreers 
Chemical Composition - Percentage of Heat Treatments Typical Physical Properties Cavitation 
n S | Si | Ni |} Cr |Mo} V |W IAI in dares mm at 20°C 
30 |.30% Carbon Stee! | 30 | 80 |.040°|040 As Recesved 60,000 145 | /350 
3/ | 2% Nickel Stee! | ./9 |.60 |.0/8 216 la] Hot Rolled 75070| 43,230| 310 | 620|/42 | 
32 |5% Nickel Stee) |.12|.45|.25| 500 la] Ho? Rolled 704,000 | 79,000} 290| 700 |19 | 250. 
33 | Ni Cr Stee! 26 | .24 |.016 jo] AsReceived 121,000|106,000| 250| 635|248 | 26/ | 
34 | Wi Nitriding Stee! |.18 |.74 |.0/4 |.026| 14 |357|138|.25 117 |a| Quenched and Drawn | 1650| 0:1 | 1230 | 120,000! 107,000| 230 | 650 | 238 | 232 
35 |Ni Mn Steel 70 |9921.0501.0/0 |1.5¢ |323|./7 As Received 145000| 47500] 650 | 430 | 235 | | 
36 [Cr VW Tool Stee! |.45 | 25 30 140 251160| |e] Annealed 99000| [175 | 573 
37 |Cr W Tool Stee! |.45 | .25 140 251160) Tempered 1600 |\/45,000| 130,000 170 | 308 | 298 | 434 
38 |\Cr VW Tool Steel |.45 | .25 140 25 [160 Tempered 17100 140 [410 |4/5 | 305 
“a: Actual Analysis ¢:Estimated Analysis *Maximum 
Tasic TY. Forceo Low Atvoveo Streets 
or ' 
40 | Wrought /ron 05 |.007| 115 | 080 a As Forged 47,000| 26000| 380 | 105 | /940_ 
Carbon Stee! | 22 | 52 | a Annealed /500| Air 62,000| 34,000] 320| 5/0 368 
2 |.49% Carbon Stee! |49 | .66 |.024|.02/ la Drawn 100 | Air | 89,000 $6,000 260| 470| 63 | 247 
43 |25%Nickel Stee |.25|.9/ |.018|0z8| Drawn 1200 | Air | 88,000] 61,000] 290| 600| /73 | 340 
44 |35% Nickel! Steel 42 | .66 |.03! |.028 334 io Orewn /200| Air 98,000) 59,000) 250 52.0 | /63 _ 42) 
45 |5% Chromum Steel | 15 [500 Orawn i200| air | 105000; 74.000| 260| 700 | 20z | 39) 
46 |Yonadium Stee! | .48 | .78 |.018 |.0/9 /9 Drawn | Air 96,000] 59000| 240] 470 | 208 | 15! 
47 |Ni Cr Stee! 50 | .60 |.032|.027 /.25| .8/ Drawn 1200 | Air | 98000| 62000] 220| 223 | z92 | 
48 Cr Steel 40 | .63|.0/9|.03/|.188 |/32| .55 2 As Received 112630| 86,300| 2/5 | 230 | 240 
49 |Ni Cr Steel 29 |.29 | | As Received 12,100 | 94400) 25.0 | 659 | 222 | 24.2 
50 NiCr Mo Stee! .37 |.69 |.0/9 |.0/9 |.33 Drawn 1200 | Air 701,100 | 75000] 220 | 550/295 | 1/.5 
5! |Cr V Stee! 45 |.% |.032|.030 103| .19 "Drawn 1200 | Air | 96,000] 60,000 220 | 500 | 262 | 235 
Actual Analysis Estimated Analysis Moximum 


ous materials. 


chemical composition and condition. 


B_ Pitting Characteristics of Materials Exposed to Cavitation 


The results obtained with the test stand and the metallurgical 


(a) Cast, Rolled, and Forged Materials. The irons listed in Table 
1 can be divided into two groups according to the grain struc- 


data made available for the materials investigated are compiled 
in Tables 1 to 15. The materials are grouped according to the 
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Taste Cast Stainress and High Atoveo Steers 
at Chemical Composition - Percentage of Heat Treatments Typical Physical Properties | Cavitation 
60 |Stainiess Stee!) 06 | 43 | | Quenched and Drawn | 1800} 60 | Air_| 1200 |120| Air | 82,000] 60,000] 255| 628 | 167 | 4/0 
6! |Stainless /2%Cr 06 | 43 | O15 | 38 | /7 _|alQuenched and Drawn | 1/800 |60 | Air /040 |/Z0 | Air 99000} 77500| 220 | 50.5 | 206 246 
[Stainless /2%CrStee!| | 43 |.0/5 |.028 | | lefQuenched and Drawn | 1800 |60 | Air_| 900 |/20 | Air | 128,00] 89,000) 15.0 | 26.0 | 248 | /20 
63 [Stainless 9% CrStee!| |.67 | Quenehed and Drawn | (875 | 90 | Air |/200|120| Air | 82,000| 52000] 22.4| 46.3 | 210 | /92 
64 |Stoiniess 17% Cr Steel 10 *| 45 le] ingot Cropping 85,000| 40,000; 70| 70 | 201 | 670 
[65 |Stovnless 20%Cr Stel | 40 | Annealed 1550|/20 100,000| 75000; 75 | 85 | 1/90 | 106 
[Stainless 20%CrSteel| 24 | 40 | 78 and Drawn | 1875 | 90 | Air | 900 |/20| Air 503 | 37 
[67 |Stounless 12% Cri See!| | 49 |.016|.02/| 48 | ||| fol Quenched and Drawn 1800 |60 | Air |/200|/20| Air |107250| 83000] 18.7 | 5/3 | 232 | /03 
Stel] 08 49 | 06 48 |153 1800 |60 | Air |1040|120| Air |/26,250| 107500] 15.5 | 487 | 26/ | 63 
[69 |Stounless 12% Steal].08 |.49 | 0/6 | 02/| 48 alQuenched ond Drawn |1800|60 | Air | 900 | Air |164,000| 125,000 /2.2 | 297 | 363 | 50 
[70 | | | | la Cost (Sond Mold) 220 | 113.0 
7! [Stainless Steel 07 15 | la} As Cos*(Casb Iron Mold) 266 | 489 
| 72_jStoiniess 48 CrNiSteel} 06 | 39 | 016 | 021} 33 | 96 4.72} |__| Mold) 236 | 855 
73. [Stouniess SM 05 | 016 | | 35 Cast (Sand Mold)| 302 | 320 
| 74_ |Stoimless 4% Cr 05 | 36 |.0/8 | 0/9 | 202 _| |_| Cast (Sand Mold) 32/ 129 
75 07 | 35 | | 0/5 | 40 As Cast(Sand Mold) 352 | 98 
76 |Stoinless /9% CrMoSeel| |.47 iz yess] 58] | and Drawn | /800|60 | Air | 200 |120| Air |106,500| 86,000] | 487 | 223 | 
|Steiniess 10 |.47 38 | yeas] 58) | | | lalQuenched and Drawn | 1800| 60 | air_|1040 | 120 | Air_| 123750) 97250) | 279 | 275 | 95 
[78 [Stainless 10 | 47 | 33 | 12 Quenched and Orawn 1800 [60 [Air | 900 [Air [149500] 9.7 | 124 | 27 
79 [Stainless Steal) 46 |.4/ | | [153 53 | Normalized and Quenched) 1875 | 90 | Water 77000| 26000] 55 | 50 | /az | 18! 
80 |Stoiniess Steel! 10 |.40| | 800|/8.00 | As Cast 135 | ile 
8! |Stovniess N Stee! | 08 | 18.50 Ingot Cropping 75,000| 30,000; 500| 450 | /45 | 48 
[82 [Stainless O7 |. 72  Quenched —*|2050| —|Nater 72,000] 30000 600 | 550 | /5z_| 80 
83 [35% Si Monel |/.00 010 |350|660q | 150 As Cost | 
84 [65 | [700] As Cost 77500 | 54500| 110 | 170 | 166 | 49 
|Stellite 1001 | 400| | As Received 66,000 32 | 
a Actual Analysis Estimated Analysis Meximum 
Taste WI. Sraincess ano Hien Sreeis 
Chemical of Typieal Physical Properties | Cow: terion 
No Alloy T ] [w [es Condition Teme Tore | Coo Lass in 
| 90 | 2% Ste!) iz | T Jel Annealed 1500 ‘urnace| 73,000| 40,000] 320 | 700 | /42 | 46.7 
[Stay nless 12% Cr Seal | 12 40 | | |e] Tempered 1150 Air_| 105,000} 85000| 235 | 7.7 | 2/3 20.3 
| 92 [Stainless 12% CrSteel | 40] | | le] Tempered 1000 Air_|145,000| 133000| 19.0 | 64.0 | 2a5 | a3 
| 93 [Stainless 2% Cr Steel | ./2 145 | 025 025" | 25) | | Quenched 1/600} Oil | 18Q000) 162,000) /5.0 | 5/.0 | 40! a3 
94 Stress EC Sell 48 | 014 33 lex! | | | Annealed _ 11450 87,000) 60,000) 3/2 | 739/78 | 889 
[95 |Stauniess 12% Cr Ste! | 45 | le] Tempered | 110,000| 89000| 250 | 710 | 248 | 156 
| 96 Stainless /3% Cr Steel | 36 | [| lal Fully Annealed 1600 |360 Furnace | 609 
96 |Stouniess /7%Cr Stee! | | Set [03s | | | |  Anneolea [1/400 Air_| 84,000] 53000] 33.0 | 640 | /67_| 1030 
| 99 |Starnless 18%Cr Steel |./0 |.34 |.029| | yalz [| | bf 91,000} 50,000 207 | 166 
100 [Stoniess 2 | 48 48 |.028| 019 | Rolled andAnneaied| |780 [Furnace| 175,000] 135,000 159 | 73.0 
| | 51 |_| [34 | ./6 | | | | joj Annealed 90 furnace] 80,000| 45,000] 32.0 | 730 | 156 | 42.7 
1102 128 Mo Staal {si | | | || 1200 |240| Air |120,000| 90,000| 220 | | 223 | /5! 
[103 [Stovnless | .5/ | Me Rolled 175,000} 125,000| 200 | 580 | 4.6 
| 104 |Stouniess |.5/ | | | 34 |.16 (i223 351111 Tempered 1800 | 30 | Air | /85,000| 130,000 | 580 | 407 | 45 
[105 05 | 95| | | | | Annealed 700,000| 75,000 200 332 
50 [100 49 [| lel Tempered 1800 [30 | Air | /80000| 135000 80 | 300 | 7/ 
[107 06 | 85 | | 62 57 ‘Tempered 1800 | 30 | Air | 1%60000| 120,000| 120 | 40.0 | 316 | 97 
| 108 |Stomtess 18-80 Mi Steel 05 |.59 |8.96/869 lo} Drawn and Quenched | /950 Water} 95000| 40,000|600 | 70.0 | /44 | /46 
| 109 |Stounless Steel | 07 |.52 | 39 [9441/9 7% Drawn and Quenched |2300|60 |wWater | 92000] 30,000] 700 [65.0 | 267 
110 18-8 Cr Mi Steal | 07 |.52 | 39 [944/97 Drawn and Quenched| 1800 |Water| /00,000| 35,000| 65.0 | 600 |15/ | /4.9 
|Stauniess 18-8 Cr Ni Steel| 08 *| 50°) 025°| 025") 50°] 8.50\/800 Annealed 1900 Water | 93000| 39500| 580 | 670 | 153 | 13.9 
1/2 |Stoinless 18-8 Cr Ni Steel | |./7 | 34 [8067.65 06 a] _As Received 122,300| 41,000] 460 | | 37 
413 |Stauniess Steal | .20 025"|.025°! |23.50 le Annealed 2100 Water} 96,000| 46000| 620 | 690 | 139 | 86 
(14 \Stainless 2613CrM Steel] | .53 |.0/4 |.018 | 30 |/3.32/2620 Aor Rolled lel | 4! 
|20%M Steel 43 | 19 LIS 792 Ho? Rolled 111,500 | 55,000) 480 | 159 95 
| | 97% Ni Stee! £7 | 75 | .03 | 973 la] Hot Rolled zai_| 86 
“7 | Stellite 710" 3200) 15,50 As Received 578 28 
|Stellite 30.00 800 6000] As Received 437 | 17 
1/9 | Steilite 1.00 400 6500 As Received 486 | ad 
a: Actual Analysis Estimated Analysis *Moximum “Minimum 
ture. Specimens nos. 1 to 4 have basically a ferritie type of perior to one of the ferritic type, consisting of separate com- 


grain structure while specimens nos. 5 to 7 show an austenitic 


matrix, 


It can readily be seen that for each individual group 


the effect of the hardness is clearly indicated as the cavitation 
loss decreases consistently with increasing hardness. However, 
comparing the losses of both groups with each other the influence 
of hardness appears to be overshadowed by a characteristic origi- 


nating in the grain structure. 


An austenitic matrix, in which 


Various constituents form a solid solution, appears definitely su- 


plexes of elements or combinations of elements. The reason for 
this phenomenon lies in the excellent cold working properties of 
the austenite. 

Comparing the results obtained on irons with those on plain 
and alloyed steels in Table 2, it becomes evident that the losses 
of the former group were comparatively large. The reason may 
be attributed to the free carbon content of the irons, present in 
the form of flakes. Keeping in mind the nature of the punish- 
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Tas.e VII Foreeo ano Coro Drawn High Sree.s 
i Mposi n f Typical Physical Properties fiCavitation 
Ne Alley Chemical Composition - Percentage o col | pe 
C P15 | Si | Fe | Cu Strength | of Aree | at 20°C. 
120 | Stoinless /44%Cr Stee! | 08 | .34 |.0/4 |.023 /47% Forgedand Oil Quemhed| 70,500) 46,000) 52.0 | 6/.0 | /63 | /675 
[2/ \Stainless /7%Cr Stee!| .08 |.34 |.0/4 |.023 /757| orged and Oil Quenched) 74,500 48,000) 53.0 | 630 | /80 | 
122 | 36% Mi 11% Cr Stee! |.35 |.40 60 11.00 ie As Forged 469 /39 
123 | 35% Ni Steel .25 |1.00 .20 13500} As Forged H2 74.0 
124 | Mone/ .009| 03 \6743) 143 |2980 Cold Drawn 95,000} 70,000} 20.0 208 266 
125 | incone/ 06 |.96 010 | .06 |8028\/269|5.8/| .06 Drawn 145,000} 134000) 10.0 | 35.0 | 262 | 27.0 
@: Actual Analysis —e: Estimated Analysis 


Tasre WII. Cast Brasses, Bronzes ano Non- Ferrous ALLors 
No. Alley Chemical Percentage of Condition Properties 
Cu | Sn} Zn |Mn Si | Ni | Fe | Pb] Al Strangtn | Punt ofane 20°C 
ps. be /3q In 
130 | Everour 94.00) 1.00} 4.50 le As Cast 50,000| 25,000) 22.0 82 | 2580 
131 |Phosphar Deondized AsCast 40,000| 18,000| 120 54 | 1570 | 
132 |Aluminum Bronze |8900) 100{ |e As Cast 70,000| 35,000{ 20.0 107 | 416 | 
133 |Gun Metal 18750] 8.00 4.00 50 e As Cost 40,000| 20,000] 25.0 6/ | 3910 
134| Metal 9243 1.81 | .08|367 67 As Cast $0,000] 28,000] 18.0 | 368 
135 | y-ten-si Bronze |2200| 4.00 300} |300] |e As Cast 85,000| 40,000| 250| 2501165 | 433 
136 |Hy-tenrsi Bronze Na3|6700| _|22.00|4.00 300! [400 As Cast 90.000" 45000[ 2a7_| 
137 Bronze \6600| |220014.00 300 500| As Cast 100,000| 55,000; /5.0| 1501172 | 209 
138 |Hy-tea-si |22004.00 300| Castand Slow Cooled | 530 
139 |y-terrs! Bronze Na2\6600| (22001400 300; 500 Chilled in Cast ren Mold 27 | 160 
140 |ty-terrsi Bronze No.! |6500| —_|2200|400 |e] As Cast 110900| 120 [720 | zoe | 220 
141 | Soper Bronzeke400| 124.00) 3.00 200| AsCost 90.000] 45,000] 250 |200 | 208 | eee | 
142 |Super Strength Bronze\e4.00| __|24.00| 3.00 200| _|e| Chilled in Cas? iron Mold zz | 259 
143 | Mangonese Bronze \5800 2.00 As Cast 65,000} 33000) 250 114 | 2520 
144 |Manganese Bronze |5706|  |4064| ./5 126 As Cast 66,500 420 | 930] 96 | 1870 
145 | Monganese Bronze 150" 3 200") .20°|150 As Cast 65,000! 30,000} 22.0 129 | /350 
146 [Turbine Metal Cost 8000| 40,000! 200 | 602 
147 |Turbadium Bronze |5000| _|44.00| 175 2.00|700 le As Cast 70,000| 35000| 170 154 | 1010 
148|Turbine Metal _|5000, As Cost 75,000| 35,000] 25.0 153 | 1580 
749 [Aluminum Alley Na. 2/4 | .04 22] |o As Cast 25,000| 12,000] 39.0 49 |/810.0 
750 |Aluminum Alloy No356T6| .08 6.85 27] [9249] As Cost 32000] 22,000] 40 74 |3420.0 | 
@: Actual Analysis Estimated Analysis *M Mini: 
Tasre IX. ano Exteuven Bronzes and Non- Ferrous 
Chemical Composition - Percentage of aii Typical Physical Proper ties een 
160 | P.M.G. Meta! 200 As Rolled 85000} 60,000] 30.0 123 | 3564 
16! ter-si Bronze Na 2 \e6.00)2200 4.00 300/500, |e] As Rolled 105,000| 120|1/20|2/7 | 96 
162 |Super Strength Bronze|64.00|24.00| 300 200|500| lel As Rolled 93000| 50,000 200| 204 | 185 | 
163 \Alurminum Allloy No.53. 72 |.25|.19 |9766| 1/8 As Rolled 33.000] 20000 300 48 | 7000.0 
164 Alley No.1757| 4.00} 50 00] Extruded 58000] 35000| 200 109 | 5440 | 
a:Actual Analysis e:Estimated Analysis “Minimum 


Taste K Suerace TReaTeo Mareriacs 
Chemical Composition - Percentage of mel! | Brine! tation 
No. Alloy = : Condition Surface Treatments in 
C |Mn| P| S | Si | Cr V | Fe | Al |Mg at 20°C. 
170 | .20% Carbon Steel | .20 | .45 |.045 1.055 le Cast Chepmomnzed 688 34./ 
171 | Nitralley 34 | .53 |.0/7 |.020 25 20 95 Forged Nitrided 735 1030 
172 |¢r V Nitralloy 28 |.55 |.025 |.028 150 53 a Forged Nitrided 940 2800 | 
173 Aluminum Alloy Ne 10 26 17 Rolled Alumilite Finish 80 4200.0 
174 Clad Corbon Steel| .10 8.00 |/8.00 le Rolled gin Rolled with Steel U2 
175 |.33% Carbon Stee! | .33|.7/ |.032|.030| .33 Cast Cloud Burst Hardened No2 264 | 43 
176 |.33% Carbon Stee! |.33 | .7/ |.032|.030| 33 Cos? Cloud Burst Hardened No.3 2% | 519 
177 Stounless 18-8 Cri Stee! | 05 |.59 |025|.025| | 896 |/869 la Rolled Cloud Burst Hardened No. | 405 25 
178 |Stainless 18-8 Cr Ni Steel | .05 |.59 |.025|.025|.4/ |89¢|/a69 Rolled Cloud Burst Hardened No.3 405 
179 |Stainless 18-8Cr Ni Steel| .05 |.59 |.025|.025|.4/ |896|/869 5 Rolled Cloud Burs? Hardened No.4 3% | 22 
“Maximum a: Actual Analysis e: Estimated Analysis 
Notes. No.175&176 some as No.10, Table I. (Covitation Loss «624 mm) 
No.177-/73 seme as No.108, Table W.(Covitation Loss * 14.6 mm4) 
Cloud Burst Treatment | No./: 30 minutes -.50 meter fall q 
Stee! Balls No.2: 50 minutes .50 meter fall 
40,000 blows per No. 3: 30 minutes- .50meter fall plus 30 minutes - 1.0 meter fall 
minute per $9.in. No. 4: 30 minutes-.50 meter fall plus 30 minutes-LO meter fall plus 30 mmnutes 15 meter fall : q 
ment as best defined by implosions in rapid succession, high loss in comparison to specimens nos. 6 and 7 in spite of its au* a 
stress concentrations are likely to occur in the vicinity of flake tenitic matrix. Ordinarily, fine distribution of the free carbou ' 
tips. It is obvious that the number and the size of these flakes content may be observed in these nickel-copper cast irons, that bs. oft 
may influence the pitting resistance. This may best be illus- a large number of flakes of small size. The photomicrograph Pi 


trated by specimen no. 5, Table 1, showing an unusually high analysis disclosed that this specimen contained fewer flakes of 
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HYDRAULICS HYD-59-5 
Tasie XI. Evecteic Arc Weipep Low Attoveo Steeis 
Chemical Composition - Percentage of | Data on Coating of Electrodes and Charocteristics of Deposit [Cavitation | 
|Mn}P | Si | Ni | Cer | Mo} JOrigin Type of Deposit Base Metal 
180 |.07% Carbon Stee! | .07 | |.0/7| .03 | A |Aormal Deposit of Constituents |\Wrought Z | 156 
78? |.08% Carbon Steel | 08 |.35 |.035"| 035"| 06 z| [Normal Deposit of all Constituents |Wroughtired 2 | 147 | 66.9 
782 |/3% Carbon Stee! |./3 |.30 |.0/5 |.03 | 07 C  Wormal Deposit of all Constituents |Wroughtheq 2 | 145 | 765 
783 Stee! |.39 | G21 lal in Deposit from Coating |wroughtind 2 | 156 | 322 
184 |Mo Stee! 12 |.60 |.035"|.035"| .08 50 \e| B |Normal Deposit of all Constituents \Wrougtt iren| 2 | 158 | 869 
185 |Ni Mo Stee! 08 | .60 |035°|.035°| 08 | 230 30 |e] B  |Normal Deposit of all Constituents \Wroughtlrg 2 | 180 | 680 
186 \Cr Mo Stee! 1.25 |.50 |.04 *].04°| 50° 5001150\e] D \Normal Deposit of all Constituents ht 2 | 258 186 
a: Actual Analysis ¢: Estimated Analysis Maximum 
Tasie XI Evectric Arc Staincess CxHromium STEELS 
- aa Chemica! Composition of Wire - Percentage of | Data on Coating of Electrodes and Characteristics of Deposit |covtarion 
C |Mn| P | S [Si | Ni [Cr [Mo | Cu | JOrigin Type of Deposit Base Metal |5rinelt 
|Stoinless 12% Stee! | 06 | .75 |.023 |.022|.44 | 59 \/248 __ laf C Deposit of all Constituents | Wrought iron | 1 | 267 | 276 
[191 [Stoinless Stee!| 06 | C (Warmal Deposit of allConshtuents | Wroughtiren | 2 | 310 | a4 
192 |Stainless 12% Stee!) .06 |.75 |.023| 022|.44 |.59 y2.48) a] C Wormal Deposit of all Constituents| Boiler Plate | 2 | 3/9 al 
193 |Stolaless 2% Cr Ni Stee! | 06 |.75 |.023|.022| 44 |.59 |/248 a] Wocme! Deposit of all Constituents | Welded/5%C Steel) | | 277 | 550 
194 |Stoinless 12% Cr Mi Stee!| 06 |.75 |.023 022| 44 | 59 248 0] C _Wormal Deposit of all Constituents \melded Stankss¥8| | | 29/ 38 
1795 {Stainless Stee!| 06 | | 0/3014 | |-44 | E  Warmal Deposit of all Constituents | Wroughtiren| 2 | 346 | 36 
196 |Stoiniess NiStee/ | 07 |.55 |.033| |.6/ |.52 357 Deposit of all Canstituents| Wrought Iron | 2 | 278 63 
797 Steel 06 | 87 90 | 70 338] 58 | 66 lo] C [Normal Deposit of all Constituents | Wrought Ira | 2 | 295 | 163 
198 |Stoiniess 06 | 87 90 | 70 56 | 66 [a] C  Warmal Deposit of all Canstitvents | |_| 326 | 23 
1799 [Stainless 15% Steel | 26 |.39 | 0/5 | 03 |.25 |.10 [553 lel Wormal Deposit of ail Constituents | Wrought Iron | 2 | 258 | 
200 [Stainless IS8CrMi Steel | 06 | 02 | 36 | 09 [1573 Wormat Deposit of all Constituents | Wrought Iron | 2 | 349 | 88 _| 
201 |Stoinless 15% Cr Ni Stee!) 06 |.36 |.022| |.36 |.09 |/573 [.25:150% Mn Deposi? fram Coating Wrought Iron | 2 | 366 48 
202 |Stoiniess |.15 | 32 | 78 | lal C  |Normol Deposit of all Canstitwents | Wrought | 2 | 293] 53 
203 |Stoiniess | 05 | | 015 | 035|709 lo) _|Normal Deposit of ail Constituents | Wrought Iren | 2 | 30 | 89 
204 |Stounless Steal] .06 | 39 |.04 | .0/ | 35 [243 jo] |Normal Deposit of all Constituents | Wrought iren | 2 | 390 78 
205 \Stoinless /8% Cr Ni | 48 |.0/3| 0/3 2/ Normal Deposit of all Constituents | Wrought Iran | 2 | 350 69 
206 [Stainiess Stee | 48 |.0/3|0/3| |.2/ D Some Softener Removed fromGating| Wrought Iron | 2 | 3/5 14.6 
207 |Stownless /88Cr Mi Steel] 13 | 48 |.0/3 | 0/3 jo] |More Softener Removed fremGsating| Wrought iron | 2 | 309 68 
208 |Stomless 18%Cr Mi Steel) 13 | 48 |.0/3 |.0/3 21 2 __|Most Softener Removed from Coating| Wrought Iron | 2 | 304 aj 
209 \Stornless /9% Cr Stee!| .09 |.47 |.03°| 03° 43 V203 ay Norma! Deposit of ail Constituents Wrought iron | 2 | 238 565 
2/0 \Stainiess 19% Cr Stee! | 09 |.47 |.03°| 03° 43 1903 C Deposit from Cooting| Wrought Iren | 2 | 285 227 
211 |Stoiniess 19% Cr Stee! | 07 | 65 |.010 | 01 |.45 | .09 D _Wormal Deposit of ail Constituents| Wrought Iron | 2 | 222 | 127 
212 |Stainless 2/%CrCu Stee! | .28 | $6 2/54) [102 D |Normal Deposit of all Constituents | Wrought Iron | 2 | 374 40 
2/3 |Stainiess 28% Cr Stee! |Normal Deposi? of all Canshtuents | Wrought Iron | 2 | 262 | 
24 85 Stee! | 09 Ol | 46 [424 |zr92|149 2] 2 Deposit of oll Constituents | Wrought Iron | 2 | 256 35 
a: Actual Anolysis Estimated Analysis * Maximum 
Tasre XI. Erectric Arc Stainiess CHromium Nicker Steers 
- alt Chemical Composition of Wire - Percentage of Data on Coating of Electrodes and Choracteristics of Deposit |Covitatien 
P| $ | $i |Ni [Cr [Mo | Ti | Cd | origin Type of Deposit Bose Metal [Moet 
220 |Stainiess /7-9CrMi Stee! | .09 | 53 |.010 |.016 9.86 |1749 la} D |Norma! Deposit ofall Constituents | Wrought Iron| 2 | 178 | 387 
22/ Stee/ | .09 |.53 |.0/0 |.0/6 986 \/749 a} D  Wormal Deposit of all Constituents| Wrought Iron | 2 | 207 268 
222 Steel| /2 lo] C |Normal Depositof all Constituents| Wrought lron| 2 | 20% | 234 
223 |Stainiess /8-8CrNi Stee!) 07 |.50 |.035°|.035"|.50 D Wormal Deposit of all Constituents| Wrought Iron| 2 | 218 | 246 
224 [Stainless CrMi Steel |.07 |.50 |035°|035"| 50 |/825 e| D | Deposit of all Constitvents| Bower Plate| 2 | 230) 
225 |Stainless 19°8CrM Steel] .05 |.36 |.02/ |.0/3 | .39 |830|/945 a] C  |Normal Deposit of al! Constituents} Wrought lron| 2 | 204 | 138 
226 |Stoiniess /9°8CrNi Steel| 05 |.59 |.023|.02 |.72 i924 lo] ¢ | Deposit of all Constituents| Wrought Iron| 2 | 222] &5 
227 |Stainiess 20-9Cr Wi Stell .05 | .58 |.03*|.03*| 47 |2055 C  |Wormal Deposit of all Canstituents| Wrought iron| 2 | 188 | 32! 
228 |Stoiness 20-9CrNiStee! | .05 |.58 |.03*|03*| 47 [2055 C _|Normal Deposit of all Constituents| Boiler Plate | 2 | 192 98 
229 [Stainless 20-7CrM Stee!| 06 |.74 |.022|.026 | 7.68 |2066 Deposit of all Constituents| Wrought Iron | 2 | 192 | 3/9 
230 |Stoiniess Z/7CrNi Steel| .08 |.79 |.008|.006|.50°| 786 |2/88 ic] Wermal Deposit of all Constituents| Wrought lron| 2 | 265 176 
23/ |Stoiniess 29-9 CrNi ./0 9.00|29.00) D  Wormal Deposit of Canstituents| Wrought lron| 2 | 20} /65 
232 |Stoiniess Steel 05 | 56 |.03 |.03 | .47 |27/ |2055 la] C  |£25-150% Mn Deposit from Coating | Wrought iron| 2 | 191 | 258 
233 |Stoiniess MMn Steel] .06 {7.62 |.017 |.80 |2L45 D |Normal Deposit of all Constituents| Wrought iron| 2 [195 | 289 
234 |Stoiniess Stee! | 06 | .57 |.0/7 |.015 |230] 243 1/798 la} C  |Normal Deposit of all Constituents| Wrought Iran | 2 | 216 | 12.2 
235 |Stovnless 18-250 SiSteel| |.52 |.0/7|.0/ [2.88 |253/ la] C  |Normal Deposit of all Constituents| Wrought iron | 2 | 162 | 246 
236 |Stownless /8-9CrNiMo Steel | .07°| 40 .03°|.50°| 200 /8.50| 3.00 8B  |\Normal Deposit of all Constituents} Wrought iron | 2 | 227 | 168 
237 [Stounless .06 |138 |.006|.43 |/062|/767| 240 c| D  |\Normal Deposit of all Constituents} Wrought iron | 2 | 215 | 254 
236 Steel| 04 | 56 |.022| 0/7 | .42 | 980 |/986 25 lo] _C _|Normal Deposit of a.! Constitvents| Wrought lron| 2 | 198 | 143 
239 |Stoiniess 05 | 32 |.004].009|.41 |11.32 [1725 84 D  |Normal Deposit of allConstituents| Wrought iron| 2 | 233 137 
240 |Stainiess 07 | 68 |.024].0/7 |.43 | 9.42 |2042 65 |o] D  |Normal Deposit of allConstituents| Wrought Iron| 2 | 193 | 162 
241 |Stounless Steel| |.62 |.025'|.028'| 37 | 755|/744 C__|Normol Deposit of al! Constituents| Wrought Iron| 2 | 373] 13 


Actual Analysis 


e: Estimated Analysis 


*Moximum 


unusually large proportions which facilitated separation along 
the boundaries of the flakes. 

In view of the fact that, in the iron group, the strain-hardening 
effect is superimposed by the influence of the carbon distribu- 
lon, it may be well to check this phenomenon on cast and rolled 
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stainless steels. For instance in Table 5, specimens nos. 64 and 


81 show a very large difference in pitting resistance. 


Although 


the original hardness and the yield point of the austenitic, stain- 
less, 18-8 chromium-nickel steel were lower than that of the 
stainless 17 per cent chromium steel, the pitting resistance of 
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Taste XIV Acerviene showing cast nonferrous alloys, it may be 

Chemical Composition - Percentage of Data on Deposit Cavitation that epecumens — 135 and 146 show decided y 

No. Alloy No of toss different losses in spite of the fact that the Brinell 
C St Cr | W Cu | Za | Co | [Base Metal} 20°C 

— hardness and the yield point are of the same mag- 

250| Tobin Bronze .75 |6000} 3925 2 | 8! | 386.0 itud At tl Rockwell-hard test 

| 350 9540 |Wrought 2 5990_ nitu the Same time oc we lar SS ests 

252 [Phosphor CopperBronze| | 75 2250, 2 | | 1/3700 | _in the zone of attack showed only minor differences 

| 253 |DX- Bronze | | 2 | 886 | 5400 | in the susceptibility to strain hardening for the 

|Stelite oak |_| 550 198 | twoalloys. The only real difference was disclosed 

255 Stelle 3009 400) Wrought ren 2 | 546 63 | by tl hot : hic analysis which showed 

256 | Stellite aco cable Wreughtind 2 | 357 34 the photomicrographic ana ysis w ich showec 

257 |Stellite 3000/'5.50) 2 | 594) 39 | the grain size of specimen no. 135 to be appreci- 

258 Carbon Cr Mn Stee!) 3:50 eWrought iron! | 258 ably smaller than that of no. 146. This seems to 

| 5000 indicate that the resistance to cavitation increases 
e: Estimoted Analysis *Moximum with decreasing grain size. 


The above characteristic is not surprising as the 


failure in most cases was found to be transcrystal- 


Seraveo Mareriars line. From the metallographic studies, it was ap- 

Ne Alley Chemical Composition of Wire - Percentage of Dota on Deposit |Cavitarion parent that the progress of fatigue cracks was re- 

C [Mn] P Ni [Cr Fe [Sm [Cu | Zn | | zor: tarded temporarily by the grain boundaries. The 

10% Carbon Stee! | -10 | 50 06*|.05"| 02" ef | /8/ more grain boundaries encountered, the more diffi- 

263 [Stainless Steell 62*| 2070] phenomenon may be true, not only with respect to 

264 |Stamless 20 |.20 35" el .25 | 172 | 2750 the fatigue cracks, but also for those separations 

265 | Mone! 20 {1.00 10 *!6800 150} fe] | 5 4770 taking place in the zone of plastic deformation 
L 75 25 | 72 20200 after the capacity to yield has been exhausted. 

@: Actual Analysis ¢€:EWimoted Analysis ° Maximum From the data given in Tables 2, 5, and 6, it is 


Fic. 8 Coarse GRAINED, STAINLESS, 18-8 CHROoMIUM-NICKEL 


Notre Surp Banps AND FaTIGUE CRACKS 
(Specimen No. 109, Table 6. 100.) 


STEEL. 


the former alloy is far superior. All other austenitic stainless 
steels listed in Tables 5 and 6, show the same tendency whether 
they are of the 18-8, 24-12, or 26-13 chromium-nickel variety. 

There can be but little doubt that strain hardening is of far- 
reaching importance, nevertheless its beneficial effect may not 
necessarily overshadow the influence of the original hardness. 
This is substantiated by a comparison of the losses and the 
physicals of specimens nos. 108 to 112, inclusive, in Table 6. 

In addition to the influence of surface hardening noticeable 
not only on austenitic materials referred to above but also on 
many other alloys not particularly susceptible thereto the grain 
size appears to be of far-reaching importance. From Table 8 


Fig. 9 Fine GRAINED, STAINLESS, 18-8 CHROMIUM-NICKEL 
(Specimen No. 110, Table 6. 200.) 


also evident that heat-treatment has a decided effect. This s 
to be expected as treatment affects both the physicals and the 
grain size. Its effect can best be shown by keeping the chemical 
composition constant and varying the treatment. What may 
be accomplished even with low-alloy steels is indicated by the 
high resistances obtained with the chromium-molybdenum steel 
series, Table 2, specimens nos. 22 to 24. A somewhat larger 
range of losses was observed by the treated, rolled, stainless, 12 
per cent chromium-steel specimens nos. 90 to 93 in Table 6. 
In the same table another typical example is the rolled, stainles 
18-8 chromium-nickel specimens nos. 109 and 110. Figs. 8 and 9. 

Generally speaking, the results indicated that rolling and 
forging are advantageous, and often superior to casting, as higher 
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physicals can be obtained. Rolling and forging may, however, 
be detrimental in cases where a well-defined stratification is pro- 
duced which is conducive to separation along parallel grain 
layers. Photomicrographic analysis showed that a weakness 
from this source becomes particularly apparent where, due to the 
processing and heat-treatment, a laminated structure is obtained 
consisting of large grains. This phenomenon was found to be 
of minor or no importance with greatly refined grain structures 
where more interlocking is provided. 

Not only are differences to be expected in specimens produced 
by the various manufacturing procedures such as casting, rolling, 
and forging, but the way a particular method is carried out may 
contribute in some measure to the pitting resistance. For ex- 
ample, in casting, the rate of cooling may be varied. Heat may 
be dissipated more rapidly in chilling the molten metal in a cast- 
iron mold than in sand. The more rapid cooling is less conducive 
to grain growth in the material and therefore the higher may be 
the resistance to cavitation. This is borne out by a comparison 
of specimen no. 70 with 71 in Table 5, no. 138 with 139, and 
141 with 142 in Table 8. 

The size of the grain can also be influenced by means of alloy- 
ing elements such as vanadium and molybdenum. This may be 
demonstrated by the results of three groups consisting of three 
specimens each listed in Table 5, nos. 60 to 62, nos. 67 to 69, and 
nos. 76 to 78. For all three groups, which are stainless, 12 per 
cent chromium steels, the heat-treatments were identical. A com- 
parison between the first and third group shows the beneficial 
influence of molybdenum, while the higher physicals obtained 
with nickel as an alloving element in the second group also pro- 
duced increased resistance. 

The effect of nickel additions can be further demonstrated by 
a comparison of the results obtained with specimens nos. 70 and 
72 to 75. Here the successive increases in nickel content re- 
duced the losses step by step. It may be mentioned that the 
grain structure of this entire series was exceedingly coarse which 
explains the relatively large losses shown with the lower per- 
centages of nickel in spite of the hardness. This fact is another 
typical example showing that grain size is of utmost importance 
and that it should not be neglected even when considering high- 
alloy steels. 

Minor changes in the chemical composition can influence the 
resistance adversely. Comparing, for instance, the loss of speci- 
men no. 90 with that of no. 97 in Table 6, it will be noticed that 
the latter specimen suffered considerably more in spite of the 
greater hardness. This apparent discrepancy is caused by the 
addition of sulphur in alloy no. 97 to produce a stainless steel of 
free-machining qualities. The photomicrographie analysis dis- 
closed that sulphur is present in the form of flakes or streaks, 
producing stress concentrations and facilitating separation along 
their flanks. At the same time it may be realized that impuri- 
ties or nonmetallic inclusions, and sulphur in this case may be 
regarded as an impurity, are detrimental because they are often 
the nuclei of fatigue cracks and also facilitate their progress. 
A similar phenomenon is responsible for the comparatively large 
losses obtained with the forged, stainless, 14 per cent and 17 
per cent chromium steels listed in Table 7. Here the carbide- 
ridge areas seemed to permit quick development and rapid prog- 
ress of fatigue cracks. 

(b) Surface-Treated Materials. From Table 10 it is apparent 
that the protection afforded by surface treating depends upon 
the depth to which the treatment penetrates as well as upon the 
nature of the skin itself. The large losses obtained with the 
chapmanized and nitrided materials are due to the shallowness 
and brittleness of the skins. The penetration with chapmaniz- 
ing was deeper than that with nitriding which had a decided 
effect upon the resistance. The large loss with the aluminite 
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finish is not surprising because the skin produced was only 0.001 
in. thick so that even the Rockwell tests did not give a true in- 
dication of the real surface hardness. 

The results with the cloudburst-hardened materials are of in- 
terest. Due to the fact that cold working increases the fatigue 
limit in the strain-hardened zone, this type of treatment has 
particular merits. This is especially true in cases where machin- 
ing is required, necessitating reasonably low original physicals, 
and where subsequent heat-treatment may not be advisable due 
to possible warpage. It may be noted that a definite maxi- 
mum in surface hardness can be reached for each material. 


Fic. 10 Typrcat WaTER-JET SPECIMEN 


(P.M.G. metal. 

Carrying the treatment too far, that is, exhausting the capacity 
of strain hardening, decreases the surface hardness and shows a 
corresponding increase in loss. 

(c) Welded and Sprayed Materials. In analyzing the results 
obtained with welding deposits, Tables 11 to 14, various factors 
must be borne in mind. First, the compositions given refer to 
the wires and not to the deposits. In the course of welding 
some percentages of alloying elements may be lost. For in- 
stance, the reduction in chromium content of the stainless 
chromium or chromium-nickel steels may be as much as one 
per cent. Second, the chemical composition is influenced by the 
type of coating used. Third, there is an effect from the base 
metal. That the base as well as the number of welded layers has 
an influence is demonstrated by specimens nos. 190 to 194, nos. 
197 and 198 in Table 12, nos. 223 and 224, and nos. 227 and 
228 in Table 13. 

Regarding the results in general, the stainless chromium steels 
showed the best average resistance. Some of the relatively high 
losses of various austenitic stainless-steel welding deposits of the 
chromium-nickel variety may be explained to some extent by the 
improper proportioning of the chromium and nickel contents. 
The strain-hardening characteristics appear to be rather sensitive 
to slight changes in the chemical composition. Keeping in mind 
a possible loss of alloying percentages in the course of welding, 
too much nickel or not enough chromium in the deposit may im- 
pair these characteristics decidedly. For this reason molybde- 
num may be added to good advantage. A second method of 
increasing the resistance is demonstrated by specimen no. 241. 
Here an increased original hardness and a greater susceptibility 
to strain hardening were obtained by lowering both the chro- 
mium and the nickel contents from the usual 18-8 proportioning 
of chromium and nickel in this variety of steels. 

Comparing the losses obtained on welded and sprayed de- 
posits of materials similar in chemical composition, it becomes 
apparent that welding produces structures of far better resist- 
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ance. Although spraying may have advantages in many other 
types of maintenance, the results as presented in Table 15 warrant 
the conclusion that spraying can be recommended only for tem- 
porary repairs or very mild cavitation conditions. 


C Pitting Resistance of Materials Exposed to Water Jet 


A representative number of specimens consisting of materials 
identical with some of those exposed to cavitation were prepared 
for determination of loss due to water jet. These tests were 
carried out at the East Pittsburgh laboratory of the Westing- 
house Electric and Manufacturing Company. The testing ap- 
paratus, described in detail elsewhere (6, 7), consists of a 12-in. 
diameter disk rotating at high speed. Two specimens like that 


STEEL 


Per Cent CHROMIUM 
Pirrep By WATER JET 
(Note fatigue and cleavage cracks. 


Fig. 11 STaINLess, 18 


X 200.) 


shown in Fig. 10 can be tested simultaneously mounted diamet- 
rically opposite to each other on the outer surface of the rim. 
There are two nozzles 180 deg apart directing water jets vertical 
to the plane of the disk. By this arrangement, each specimen 
is cutting one of the jets at the same time. A peripheral speed 
of 800 ft per sec was chosen providing 160,000 impacts during 
the six minutes of test duration. The jet diameters were 3/32 in. 
and the water velocity 60 ft per sec. 

A series of runs carried out with specimens of identical ma- 
terial with the water temperature varying from 2 to 93 C in- 
dicated that the amount of pitting is in no way dependent upon 
the water temperature. This result when compared to that 
obtained with the cavitation tests leads to the conclusion that 
cavitation and water impact are fundamentally different. Aside 
from some minor inconsistencies explainable by the differences 
in the severity of the punishment, it was found that the losses 
obtained by the water-jet tests could be grouped similarly to 
those of the cavitation experiments. From this fact as well as 
from the photomicrographic analysis, the conclusion is drawn 
that the various factors governing the rate of pitting are nearly 
identical for both types of punishment. It is believed that for 
all practical purposes, the data in Tables 1 to 15 can be used as 
a guide for the selection of materials exposed to impact due to 
water jet or drops of water as present in impulse turbines and in 
the low-pressure stages of steam turbines, respectively. 
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GENERAL CONCLUSION 


From a practical point of view the influence of the temperature 
indicated in Fig. 4 is important. Pitting apparently is more 
liable to occur in summer than in winter. In addition more seri- 
ous consideration must be given to protective measures for 
equipment to be used in moderate-temperature regions or tropi- 
cal climates where the water has a relatively high average tem- 
perature throughout the year. 

The results obtained with air injection, presented in Fig. 5, are 
of interest because under the velocity conditions usually existing 
in hydraulic equipment, pitting can be reduced or prevented al- 
together in some locations, provided sufficient quantities of air can 
be introduced in such a way that the vulnerable areas are reached 
by the air. Model tests may be particularly helpful in obtaining 
proper guidance of the air. This is important because an ade- 
quate percentage of artifically introduced air over the entire 
water passage would be prohibitive from an economic point of 
view. 

It is believed that the comparative data on the pitting resist- 
ance presented in this paper will be helpful in providing a more 
rational selection of materials for new installations, or for main- 
tenance of structures or integral parts of hydraulic equipment 
subject to attack by cavitation. Although the number of ma- 
terials investigated is necessarily limited, nevertheless the findings 
of the metallographic studies broadened the metallurgical as- 
pects of failures due to cavitation to such an extent that, under 
modern manufacturing procedures and advanced scientific con- 
trol of production, and with the aid of the results at hand, the 
pitting resistance of almost any metallic material can be pre- 
dicted with sufficient accuracy. It must be borne in mind, how- 
ever, that the resistance may not always be the only factor 
coming into play. Compromises may have to be made to satisfy 
all requirements including those dealing with the methods of 
manufacture and production, as well as the cost of the material 
and other economic considerations. 


ACKNOWLEDGMENTS 


This research was made possible through the support received 
from J, A. Walls, president, Safe Harbor Water Power Corpo- 
ration. The interest and cooperation shown by the research 
and metallurgical departments of stee] and alloy manufacturers 
too numerous to mention individually are responsible in a large 
measure for the progress made. The author is particularly in- 
debted to H. N. Boetcher, assistant to the superintendent of steam 
stations, Consolidated Gas Electric Light and Power Company, 
Baltimore, Md., and S. P. Watkins, metallurgist, Rustless Iron 
and Steel Corp., Baltimore, Md., for their contributions to the 
metallographic phase of this research. 


BIBLIOGRAPHY 


1 ‘‘Werkstoffzerstérung bei Kavitation’”’ (Material Destruction 
Through Cavitation), by H. Schréter, Zeitschrift V.D.I., vol. 78, 
March 17, 1934, pp. 349-351. 

2 ‘Pitting in Water Turbines,”’ by Elov Englesson, The Emi- 
neer, vol. 150, Oct. 17, 1930, pp. 418-421. 

3 “Investigation of Corrosion Phenomena in Water Turbines,” 
by P. de Haller, Escher-Wyss News, vol. VI, no. 3, May-June, 1933, 
pp. 78-84. 

4 “Failure of Metals Due to Cavitation Under Experimental 
Conditions,” by H. N. Boetcher, Trans. A.S.M.E., vol. 58, 1936, 
paper HYD-58-1, pp. 355-360. 

5 “Die Zerstérung von Metallen durch Kavitation” (The De- 
struction of Metals Through Cavitation), by H. N. Bétcher, Zeitschrift 
V.D.I., vol. 80, Dec. 12, 1936, pp. 1499-1503. 

6 “Recent Developments in Steam Turbines,” by C. R. Soderberg, 
Mechanical Engineering, vol. 57, March, 1935, pp. 165-173. } 

7 “Turbine Blade Erosion,” by C. R. Soderberg, The Electrical 
Journal, vol. 32, Dec., 1935, pp. 533-536. 


| 
4 
‘ 
: 
5 
3 


HYD-59-6 


Cavitation on Marine Propellers 


By LYBRAND P. SMITH,' WASHINGTON, D. C. 


The author defines terms used in connection with cavita- 
tion of marine propellers and hydraulic turbines. He 
points out that cavitation is a problem of growing impor- 
tance where higher powers and speeds are required, and 
when cavitation occurs that thrust, torque, and efficiency are 
reduced and erosion of the hardest metals occurs. Theo- 
retical and experimental research into the mechanics of 
cavitation and its effect on thrust, torque, and efficiency is 
reported. The author reports that the standard or usual 
equations for thrust and torque are merely special cases of 
a general thrust and torque theorem which he develops. 
He points out that cavitation on marine propellers is a 
phenomenon different from anything occurring on aerial 
propellers. 

The author discusses the following items in detail: (a) 
In the general case, thrust and torque coefficients are func- 
tions of slip ratio, rotary speed, and pressure, and are not 
merely functions of slip ratio alone as is generally as- 
sumed. (6) For thrust and torque coefficients to be treated 
as functions of slip ratio only, the propellers must operate 
at low rotary speed or under high-pressure conditions. 
(c) Marine propellers operate under low-pressure condi- 
tions. (d) A simple equation indicates where burbling 
cavitation will begin on the back of any blade element, 
and what can be done to delay the appearance of such 
cavitation. (@€) A vortex, in which the water particles 


1—INTRODUCTION TO THE EXPERIMENTS 
A or Experiments IN THIS Parer 


HERE is a vast multitude of problems concerning marine 
propellers awaiting solution; but acting on the principle 
that one should “refrain from attempting too wide a field 
of inquiry,” this paper will be confined to certain problems aris- 
ing out of or in connection with the fact that cavitation occurs. 


Cavitation DEFINITIONS 


Considerable confusion has arisen in the literature of cavitation 
by reason of the writers not having defined their terms. Usually 
they merely say “cavitation” or “cavity.” More rarely they 
recognize two kinds of cavitation—‘laminar’”’ cavitation and 
“burbling” cavitation. Neither of the two preceding adjectives 
is particularly appropriate, but they have come into general use 
among writers who recognize that cavitation occurs in two quite 
distinct forms. To avoid confusion in comparing this paper with 
arguments of other writers the adjectives “laminar” and ‘“‘bur- 
bling” will be retained, and defined along with other terms. 

Definitions of the terms used in this paper are as follows: 

(a) A cavity within a liquid is a single space void of liquid 


‘ Commander, United States Navy, Staff of Commander Battle- 
ships, Battle Force, U.S.S. West Virginia, flagship. Commander 
Smith was graduated from the United States Naval Academy in 1911, 
and later attended the University of Santo Domingo in 1919-1920, 
and the American University in 1933-1935; he received from the 
latter his D.Sc. degree in 1935. He served at sea from 1911 to 
1919. From 1919 to 1921, during the military occupation of Santo 
Domingo, he held several cabinet posts in the Dominican Republic. 

‘© was commercial superintendent of Naval Communication Ser- 
vice from 1921 to 1923; senior assistant engineer, U.S.S. Colorado, 
1923-1924, and chief engineer, 1924-1926. He was assigned to the 
repair division, Bureau of Engineering 1926-1928. Then he be- 
came Commanding Officer of the U.S.S. Zeilin and later the U.S.S. 
Clarton, 1928-1931. He was Officer-in-Charge of the U. S. Naval 


move in approximately helical paths around the axis, is 
prerequisite to laminar cavitation. (f) A laminar cavity 
is not in contact with the propeller blade, but is separated 
therefrom by a wall of water. (g) Both kinds of cavita- 
tion can actually reduce thrust and torque with increasing 
rotary speed, and not merely reduce the thrust and torque 
below the values which would have been attained in the 
absence of cavitation, as is usually assumed. (f/f) After 
either type of cavitation completely covers the back of 
propeller blades, thrust and torque will increase again 
with increasing rotary speed, although at a lesser rate than 
in the absence of cavitation. (i) Both kinds of cavitation 
result in an increase of pressure on the cavitating side of 
the blade in excess of the pressure which would have 
existed in the absence of cavitation, and this accounts for 
the relatively small effect on thrust and torque when cavi- 
tation occurs on the face of the blade. 

In conclusion, the author shows that previously reported 
explanations are inadequate to account for all the observed 
effects of cavitation on thrust and torque. He then de- 
velops his own theories to explain such effects, and shows 
that insight into actual physical phenomena has fre- 
quently been obscured by the otherwise useful custom of 
plotting results in the form of dimensionless, or quasi- 
dimensionless, coefficients against dimensionless products 
such as Reynolds’ numbers or slip ratio. 


and bounded by a single surface, which may be wholly liquid or 
part liquid and part solid. 

(6) A laminar cavity is a cavity stretched out in a long thin 
sheet or tube. 

(c) A burbling cavity is a cavity in the form of a bubble, 
i.e., roughly spherical or in some cases hemispherical. 

(d) A cavitation field is a region in a liquid bounded by a 
single envelope and containing a plurality of cavities—usually 
burbling cavities, but occasionally laminar cavities. 

(e) In addition to defining cavitation by types it is sometimes 
referred to by location as tip, root, leading edge, trailing edge, 
face or back cavitation. None of these terms needs definition 
except “face” and “back.” The face of a blade is the pressure 
side. The back of a blade is the suction side. 

The foregoing definitions may be objected to as not being 
“operational” as Bridgman (1)? so rightly argues that scientific 
definitions should be. However, in the experiments subse- 
quently described the operations will be indicated by which the 


Boiler Laboratory from 1931 to 1933. He moved next to the boiler 
desk, design division, Bureau of Engineering and then in 1934 was 
assigned to the propeller desk of the same division with additional 
duty for research at the U. S. Experimental Model Basin. He was 
transferred to his present duty in 1936. 

Contributed by the Hydraulic Division and presented at the Joint 
meeting of the Applied Mechanics and Hydraulics Divisions of THE 
AMERICAN Society or MECHANICAL ENGINEERS, held at Cornell 
University, Ithaca, N. Y., June 25-26, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until September 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in this paper are to be 
understood as individual expressions of the author, and not those of 
either the U. S. Navy Department or of the Society. 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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cavities can be created and be seen; and illustrations of actual 
cavities will be shown. 


C Errects or CavITaTION 


Cavitation produces two seriously harmful results: (a) It 
causes rapid erosion, or corrosion, of propeller blades. (b) It 
reduces propeller thrust and torque; and usually efficiency. 
Cavitation erosion will not be considered in this paper, al- 
though it is a live and important subject, with an extensive 
literature which a few works from one country (Germany) for 
one year will indicate (2, 3, 4, 5, 6). Nevertheless, cavitation 
erosion might be eliminated entirely, possibly by improvements in 
metallurgy, without in any way reducing cavitation or its effects 
on thrust and torque. On the other hand, the harmful effects 
on thrust cannot be reduced or eliminated without reducing or 
eliminating cavitation. Success with the erosion problem merely 
alleviates a symptom, success with the thrust problem cures the 
disease. 

The author will deal mainly with marine propellers operating 
in or near the conditions under which cavitation may occur. 


D_ FUNDAMENTAL DIFFERENCE RETWEEN AERIAL- AND 
MaRINE-PROPELLER PROBLEMS 


Although the term “cavitation” is sometimes used loosely in 
connection with aerial propellers, it should be noted most emphati- 
cally that nothing in connection with aerial propellers corresponds 
to the cavitation of marine propellers. 

In the latter case we have liquid water surrounding a space 
which is void of liquid, but which is filled with water vapor, 
usually mixed with air or other gases which have been dissolved 
in the water and are set free with the vapor as soon as the cavity 
isformed. We have, if you like, two different fluids, liquid water 
and a gaseous mixture. 

In the former case we have regions of different pressure and 
density, but we do not have and cannot obtain a condition of 
separation into two fluids. We have only one fluid—air. 

By the use of dimensionless products (for example, Reynolds’ 
numbers) we can formulate many hydrodynamical equations or 
obtain empirical curves which are identical for a wide range of 
fluids such as water, oils, air, and various gases, flowing around 
solid bodies or through channels with rigid walls, so that experi- 
mental results with one fluid may safely be used for predicting 
the behavior of others. But in all such cases we are dealing with 
one continuous fluid at a time, while in the study of the cavitation 
of marine propellers the case is quite different. In this latter 
case we have to do with two separate fluids; and curves or equa- 
tions that may be valid up to the beginning of cavitation cease 
to be applicable after the separation into liquid and gaseous 
phases, and cannot be used for extrapolation beyond this point. 


E Tue Turust AnD TorquE THEOREM 


In short, if a marine propeller is operating in or near cavitation 
conditions it must be expected that equations used to describe 
its action will be more complex than those used to describe 
the action of an aerial propeller, or a marine propeller far outside 
of cavitating conditions. The nature of such equations is formu- 
lated as a theorem in this paper, and it will be shown that the 
standard equations used to describe propeller action are merely 
special cases of the more general equations. 

It may be asked how such general equations will serve a useful 
purpose. As Sir Oliver Lodge said: ‘‘The answer is quite defi- 
nite. The mathematical physicist probes down into the funda- 
mental activities, so as to be able to formulate in his mind what is 
really going on, and to express the actions which can be observed 
in « definite and quantitative form called an equation, especially 
in that form called a differential equation, which expresses 
interactions among the smallest parts (7).” 
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This is to say that when a physicist has formulated such 
equations he has a definite picture in his own mind as to what is 
really going on, and this picture guides him to the experiments 
he should make to find the actual nature of the several factors in 
his equations. That has been the case in the present paper and 
the experiments made have yielded fruitful results. Among 
these results was emphasis on the previously known fact that 
pressure may play an important part in the performance of 
propellers, and this emphasis occurred in such a form as to raise 
the question: Do actual marine propellers normally operate 
within the range in which pressure is an important factor? 


F PreEssurRE ON ActuAL PROPELLERS 


The previous question led to a study of the pressure conditions 
on propellers for sea-going ships. The results of that study 
clearly show that, except in the case of deeply submerged sul- 
marines, marine propellers generally operate well within the range 
where pressure is an important factor in their performance. 
Therefore, pressure must be considered in the case of actual 
propellers. 


Tue Location or First BURBLING AND LAMINAR 
CAVITATION 


Cavitation has been shown to be an evil. To prevent an evil, 
one of the best methods is to learn where it begins and to elimi- 
nate it there. A deductive analysis will be made to find a theo- 
retical answer to the problem: ‘Where does cavitation begin?” 
A verification of the resultant hypothesis will be sought and 
found in experimental observations. 


H Tue Reason Cavitation ReEpuces Turvust Torqur 


The general thrust and torque theorem formulated in this 
paper, the special cases of that theorem which are commonly 
accepted in standard texts, and the standard theories of pro- 
peller action do not indicate why cavitation reduces thrust and 
torque. Writers generally touch this subject very lightly, 
admitting or proving the occurrence of the phenomenon, but 
only hinting at a hypothesis for its explanation. From such 
writings tentative hypotheses will be formulated and discussed, 
and reasons shown for rejecting them. Then, in the present 
paper, a detailed discussion of the mechanics of cavitation will 
be given and a hypothesis will be formulated regarding how it 
produces the observed effects on thrust and torque. Experi- 
mental verification of the hypothesis will be given from experi- 
ments performed by other people for different purposes, and from 
experiments performed by the author for the particular purpose. 


2—THRUST AND TORQUE THEOREM 
A Tue THEOREM 


A fruitful method of studying the performance of any machine 
is to study the variations of its performance. Now it is an 
obvious platitude that while constants affect the absolute values 
in performance they do not and cannot cause variations in 
performance. 

Thus, in the case of a given propeller such factors as its di- 
ameter, pitch, shape of blade, and roughness of surface, are con- 
stant. They affect the absolute values of that propeller’s per- 
formance, but in no way can they be the cause of variations in 
its performance. 

The two things we can vary in connection with the propeller 
itself are its revolutions per unit time N and its slip ratio 5.’ 


3 Slip ratio or slip is defined as [1 — (v/pn)], where p = pitch of 
propeller, {t; » = propeller speed, rps; and » = speed of advance 
relative to undisturbed water, fps. When the pitch is variable, the 
mean face pitch at 0.7 radius is used as a matter of convention in de- 
fining the slip. 
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All other variables are properties of or refer to the surrounding 
medium itself. 

Variations of the acceleration of gravity and of the com- 
pressibility of water are so slight (8) that for investigating 
marine propeller phenomena those factors may be considered 
constants which do not cause variations in performance. 

Density, vapor pressure, viscosity, and surface tension of 
water all vary with temperature. Based on long experience at 
sea, the author will state that for practical purposes variations 
in the water temperature may be considered limited to the range 
between 4 and 35 C (39.2 and 95 F). To show the approximate 
magnitude of the variations produced in density, vapor pressure, 
viscosity, and surface tension by changes of temperature, the 
following data are extracted from the Smithsonian Physical 
Tables (9): 


Temperature, C ...-... 

Density, grams per ml ..... 

Vapor pressure, mm of Hg............. 

Viscosity, centipoises (1 poise = 1 dyne- 
sec per sqcem).......... 

Surface tension, dynes percm ......... 75 70.3 

From the preceding data it is seen that density varies less 
than 1 per cent over the entire range of temperatures likely to 
be encountered. Since density is known to enter the performance 
equations as a linear function variations of density due to varia- 
tions of temperature may be ignored. The difference in density 
between fresh and sea water, however, is over 2 per cent and 
cannot be ignored. In passing from fresh water to the average 
sea water the density changes from 1.0 to 1.024 at 39 F according 
to Saunders (10); but, as shown by Taylor (12), if we test a 
propeller in fresh water we can predict the results in sea water by 
multiplying the thrust and torque obtained in fresh water by 
1.024. 

Variations in surface tension may conceivably cause variations 
in formation of cavities. Variations in viscosity certainly must 
produce some variation in the frictional drag on propellers. But 
the net effect of these variables apparently may be ignored with 
safety, since it is so small that it has not been detected in the 
performance of the more than 1500 model propellers which have 
been tested by the personnel of the U. S. Experimental Model 
Basin to date (1936). 

The vapor pressure of water e varies too much and in too great 
an amount to be ignored, particularly when cavitation on a 
small propeller is likely. At 39.2 F the vapor pressure is equiva- 
lent to the pressure of 0.27 ft of water; and at 95 F increases to 
1.89 ft of water. 

The absolute pressure P at the propeller axis is obviously the 
sum of the atmospheric pressure on the surface of the water and 
the pressure due to the submergence of the propeller. This 
absolute pressure P can be expressed, of course, in the same terms 
ase; for example, in ft of water. 

It is logical then to combine P and e, if possible, in order to 
reduce the number of variables. Note that if P is varied, either 
by a change in atmospheric pressure or in depth of submergence, 
the result is merely to change the static pressure by the same 
amount at all points in the water and is not to change the pressure 
gradients. But, if at any time at any place in the liquid P — e 
= 0 the liquid will boil at that place except under highly spe- 
cialized conditions of cohesion experiments such as reported by 
Newton (16), Dixon and Joly (17, 18) and Livingston and Lubin 
(19, 20). This may be expected to disturb the pressure gradi- 
ents and consequently the forces acting on the propeller. 

Hence, let H be a new variable compounded of P and e such that 

= P —e = pressure in excess of vapor pressure at the pro- 
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peller axis; and let it be expressed in terms of feet of pure water. 
Clearly, then we have so limited the number of significant 
variables that we can write 


(1] 


where T is the thrust in lb; Q is the torque in lb. at 1 ft radius; 
as previously defined, S is the slip ratio; Nis rpm; and H is the 
pressure in excess of vapor pressure at the axis of the propeller. 

One of the most fruitful methods to study Equations [1] and 
[2] would be by the method of dimensional analysis. Taylor (12) 
has followed this method though he has ignored H in all his 
equations, and merely reports the results of a few experiments 
when H is reduced, without endeavoring to determine how that 
quantity should enter the equations. Schaffran (21) and Baker 
(22) have followed a procedure analogous to Taylor’s (12). 
An article by Buckingham (25), published after the preparation 
of this paper, is believed to be the most thorough study to date 
of dimensional analysis with propellers, and is probably the only 
one which fully applies this mathematical principle to cavitation. 

It is believed that the method of dimensional analysis is the 
most all around useful method for this purpose. However, it 
has been very thoroughly exploited—in spite of previous writers 
other than Buckingham not having included H in their dimen- 
sional equations—and the author believes that new experiments 
will be suggested, a new viewpoint will be gained, and possibly 
a further insight into the mechanism of cavitation will result if 
Equations {1] and [2] are studied by another method. 

The method proposed is to convert Equations [1] and [2] into 
differential equations. Doing this we obtain 


oT oT oT 
iT = — dS +—dN OF 
og og 
= —dS + —dN 
ta 


Equations [3] and [4] constitute the thrust and torque 
Theorem.* 

This theorem almost automatically directs us to perform 
systematic experiments or operations with everything constant 
except S; with everything constant except N; and with every- 
thing constant except H. We would thus obtain what might 
be called: (a) T-S and Q-S curves; (6) T-N and Q-N curves; 
(c) T-H and Q-H curves. 

In view of the foregoing discussion this may seem a perfectly 
obvious procedure. But apparently it is not. In the examina- 
tion of a very wide range of literature the author has discovered 
only one set of experiments with a variable H and a constant S 
and N, but the exact variation of H was not given as only the 
variation of P was mentioned, and the water temperature was 
not recorded. All “characterization curves” are forms of the T-S 
and Q-S curves; but since they are expressed in the form of 
thrust and torque coefficients they are supposed to be good for 
any values of N and there is rarely any indication at what NV 
they were obtained. By questioning people who obtained such 
curves the author has found that it is not at all unusual to vary 
N at convenience during any one test. He has never in any case 
found an experiment with S and H held constant while N was 
varied. And especially, he has never found a case where the 


‘ According to Funk and Wagnall’s New Standard Dictionary a 
theorem is, among other things: ‘‘A proposition not self-evident that 
is demonstrably true or acknowledged as such; . . . a rule or law for- 
mulated in symbols, or the directory of an operation.” 
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complete set of operations directed by the thrust and torque 
theorem was carried out for any one propeller. 

Since Equations [3] and [4] are similar in form, only Equation 
[3] for thrust will be discussed in detail; although experiments 
directed by the theorem will be made to demonstrate that both 
Equations are true. 


Usvat Equations ARE Specrat Cases 


The standard or usual equations for the thrust and torque of a 
given propeller are merely special cases of the foregoing more 
general theorem. 

The standard equation for thrust as given by Taylor (13) is 


where Cr, = thrust coefficient; n = propeller speed, rps; 
p = pitch of the propeller; d = propeller diameter; and there is 
a similar equation for torque involving p* in place of p®. Shaf- 
fran (21) uses equations of the same form as Taylor’s. These 
standard equations are entirely analogous to standard equations 
for lift of airfoils (26), such as 


L = '/,C, pV*A 


where L = lift; V = velocity; A = area of foil; » = density of 
medium; and C, = experimentally determined lift coefficient. 

In Equation [5], d? corresponds to A in the lift equation; 
N*p? at a given slip corresponds to V? at a given angle of attack; 
and p does not need to appear in Equation [5], because it is 
sensibly constant for water. 

Equation [5] is, in reality, a definition of Cp, because by writing 
it in the form 


n?p*d? 


we Can always get a definite value of Cy, for a propeller of known 
pitch and diameter, by substituting simultaneously observed 
values of 7’ and N. Thousands of such determinations of Cp 
for hundreds of model propellers have been made in open-water 
tests in which the propellers have not been driven up to the cavita- 
tion point. When the values of C7, obtained from such tests 
of any one model propeller, are plotted against the slip ratio S, 
the points lie so closely along a single curve that it is reasonable 
to assume that deviations from the curve are due to accidental 
errors of measurement, and thus to assume that, in the absence 
of cavitation, C; depends only on S, so that 


Equation [5] may then be rewritten as 


or letting p?d? = k = a constant for the given propeller 
[9] 
This is of the general form 
[10] 


N being by definition the number of revolutions in any unit of 
time 
whence oT oT 
aT = —dN+—@............. {11] 
Therefore, it may be said that the standard Equation [5] as 
usually understood on the tacit assumption that there is no cavi- 
tation, is a special case of the more general equation, that is, 
Equation [1]. 
When we drop this restriction regarding cavitation, Equations 


[7] to [10], inclusive, are no longer adequate. Taylor cites a 
case (14) illustrative of results obtained in the variable-pressure 
water tunnel at various constant values of total absolute pressure, 
which of course would correspond to various constant values 
of the total head H above vapor pressure. (See the discussion 
under section 2A of this paper.) Under such conditions the 
curves of Cy versus S do not coincide over their whole range; 
on the contrary, at high values of S the value of Cy for a given 
value of S depends on H. Hence, although Taylor does not 
state it in just this way, we know that, in general C', depends on 
H as wellas on S. 

From this we might incautiously infer that C depended only 
on S and H, and write in place of Equation [7] 


which would put Equation [5] into the form 


The inference would, however, be incorrect; for as will be 
demonstrated clearly in the following sections reporting the 
author’s experiments, Cy is not completely determined by S 
and H but depends also on N, so that in place of Equation (12) 
we must write 


Cy = F\(S,N,H)....... {14} 
and in place of Equation [13] 
T = kn* F\(S,N,H)....... {15} 
But this is merely a statement that 


which is the original Equation [1]. 

Equation [15] makes it evident that, in general, the varia- 
tions of T with N alone follow a more complicated law than 
T « N*, as indicated by Equation [9] although Equation [9] is 
adequate for practical purposes to represent the results of open- 
water tests which stop short of cavitation. The experiments to 
be described show that the simpler relation is a special case of 
the more general theorem, and that in order to get the simpler 
relation it is necessary to avoid cavitation by making the total 
head above vapor pressure H large; or the rotary speed N small. 

A similar chain of reasoning and the same experiments prove 
that in general the torque coefficient Cg, is 


= F(S,N,H)......... [17] 
and that the torque Q is 
Q = kn? F(S,N,H)...... (18) 
C NATURE OF THE EXPERIMENTS‘ 


In Equation [3] the partial differential coefficient of 7’ with 
respect to S, ie., 07/08, is the rate of change of thrust with 
respect to slip alone. Hence, if N and H are held constant at 
any values and S is varied we obtain a 7-S curve. The slope 
of this curve at any point is obviously 07/3S. It would be 
possible, of course, to produce families of 7-S curves for various 
constant values of N and H. A similar procedure with respect 
to Q yields the Q-S curves. 


5 The experiments reported in this paper were all conducted at the 
U. 8. Experimental Model Basin, Washington, D. C., and especially 
in the variable-pressure water tunnel. For a description of the 
apparatus see articles by Saunders (10, 32). Since Saunders last- 
mentioned article (32) was written, the principal improvements 2 
the water tunnel have been (a): better control and measurement of 
water velocities; (b) heat insulation of the tunnel; (c) the installation 
of an Edgerton stroboscope; and (d) photographic apparatus. 
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The same remarks apply to the partial differential coefficients 
wT/ON, WQ/ON, OT/dH, and 0Q/dH. In gathering the 
data which could yield numerical values for these coefficients 
we should obtain families of T-N, Q-N, T-H, and Q-H curves. 

In order, then, to demonstrate that the thrust and torque 
theorem is true, and sheds some light on marine-propeller phe- 
nomena not yielded by the standardized equations, experiments of 
the following nature are necessary: (a) Determine the 7-S and 
other curves previously mentioned. (b) Study them to see if 
they indicate any phenomena not predicted by the standard 
equations; and if so (c) try to account for such phenomena by 
observing cavitation characteristics, if any. 

It would be desirable, of course, to run all of these curves over 
a very wide range to obtain a large family of such curves, and to 
do this for a large number of propellers. 

The limitations of the apparatus prevent as wide a range of 
observations as would be desirable. It is obvious that there 
would be upper limits to the water speeds, revolutions, thrust 
torque, and pressures which could be placed on any particular 
apparatus. It is not so obvious, but equally true that for practi- 
cal purposes there are lower limits, particularly in the case of 
water speeds. At very low water speeds it is practically impos- 
sible to control conditons in the tunnel, because minute changes 
will cause the propeller under test to control the water speed at 
times, and at other times the tunnel’s impeller will control it. 
The result is a series of irregular surges, which render observa- 
tions useless. It may be stated now that in every case the experi- 
ments were run over as wide a range as physically permissible 
with the available apparatus. 

Time and funds available prevented obtaining as large a 
family of curves for as many propellers as desirable. There is 
only one variable-pressure water tunnel and it is in almost con- 
stant use on urgent government work. The best procedure 
seemed to experiment as thoroughly as possible with a few pro- 
pellers, and to observe all the routine governmental tests possible. 
Should the latter, which cover a wide variety of propellers under 
a wide variety of conditions, ever vield an observation at variance 
with the hypotheses resulting from the experimenter’s research, 
that would be definite evidence that something was wrong with 
his hypotheses. The absence of such negative instances would 
not prove his hypotheses right. The lack of negative instances 
would merely increase the probability that the hypotheses were 
right. For example, there is no a priori reason to assert that 
“The uniformity of nature” is a true hypothesis. But after 
diligent search over a wide field a negative instance has never 
been found. This increases the probability that the hypothesis 
is right. 


D SELECTION OF PROPELLERS FOR EXPERIMENT 


Since, as stated previously, the actual experiments had to be 
limited to a few propellers, and since it is desirable to study 
Cavitation, it seemed wise to find two propellers differing as 
widely as possible in their cavitation characteristics. 

There are two radically different kinds of cavitation—‘burb- 
ling” and “laminar” as stated previously. The characteristics 
of about 1200 model propellers were studied and two groups 
selected, one of which was likely to cavitate mainly in the laminar 
manner and the other in the burbling manner. These limited 
groups were then run through cavitation to check the records, 
and propeller model No. 1283-A was selected as the most typical 
of laminar cavitation,* and propeller model No. 414 was selected 


* Propeller model No. 1283-A was originally No. 1283. A small 
amount of metal was scraped from the back near the leading edge of 
root sections, and the designation A added to call attention to the 
fact that a slight change had been made. All experiments reported 
in this paper were made after this minor alteration. 
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414 1583 and 1283-A 

Ratio of projected area to developed area...... 0.245 0.630 
Blade thickness fraction...................... 0.060 0.050 
Direction of rotation...... right 


ngth of sections from T.E. to maximum ordi- 
nate at the following percentages of the 
radius: 


as the most typical of burbling cavitation. As an additional 
check one freak-type propeller (No. 1538) was manufactured for 
comparison with No. 1283-A, all dimensions being held as nearly 
the same as was possible for the pattern maker to work, the "es- 
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sential difference being to shift the tangential sections to make 
the leading edge a radial straight line. 

The complete details of these propellers are shown in Fig. 1. 
The open-water characterization curves of propellers 1283-4 and 
414 are shown in Fig. 2. Fortunately some of the low-pressure 
runs were made with propeller 1538 before any attempt was made 
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(CQ = Q/n2*pid?; Cr T/n?p%d?; e = andSlipS (pn—s)/pn 
where Q = torque, ft-lb; 7 — thrust, |b; » — rps; r = speed of advance, 
fps; p = pitch, ft; andd = diameter, ft.) 


to obtain its open-water characteristics; because, owing to its 
freak construction, it was inherently weak. The blades bent 
while running experiments to obtain the T-N and Q-N curves; 
they were repaired, and then the propeller was run to destruc- 
tion as the higher pressures were reached while obtaining the 
T-H and Q-H curves. 

{Editor’s note: Sections E, F, and G of part 2 of the paper which 
follow have been condensed. However, the author’s original 
manuscript giving details of all his observations is on file in the 
archives of THE AMERICAN SociETY OF MECHANICAL ENGINEERS, 
together with excerpts from a letter in which he discusses prob- 
able error. | 


E EXPERIMENTAL DETERMINATION OF ThE T-S anv Q-S 
CURVES 


The set of tests which should be first considered, the results of 
which are presented graphically in Fig. 3, were made with con- 
stant pressure H in excess of vapor pressure and with constant 
revolutions N for each series, the slip ratio S being varied in 
order to show thrust 7 and torque Q as functions of S. 

For propeller 1283-A, three series of runs were made at 800, 
1200, and 1600 rpm, respectively. The water temperature was 
76 F for all runs corresponding to a vapor pressure of 1.02 ft of 
water, and H was maintained at 2.00ft. For propeller 414, two 
series were made at 855 and 1282 rpm, respectively, and although 
the temperature of the water varied slightly, H was as before 
maintained at a constant value of 2.00 ft of water. Unfortunately 
no comparable tests could be made for propeller 1538 for the reason 
that this propeller failed mechanically during tests that although 
conducted earlier are more logically discussed in the following 
section of this paper. 

Fig. 3 shows the characteristics of the two propellers that 
could be tested in this way, and brings out very forcibly the 
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essential fact that in the general case thrust and torque are not 
simple functions of S alone; and that 7’ and Q vary with N by 
some relation that is more complicated than the second power. 
In order to make a little more clear the fallacy of the simple 
equations used at the outset of this paper, the observed values 
have been reduced to thrust and torque coefficients and plotted 
for comparison with the corresponding open-water curves taken 
from Fig. 2. It is to be noted that in the case of propeller 1283-A 
most of the points fall sufficiently close to these repeated curves 
to indicate that the fundamental equations do hold up to a 
point where there is a definite breaking away, and that from there 
on the relation is complicated. In the case of propeller 414, 
the observations for the lower speed agree reasonably with the 
previously determined open-water curves, but for the higher 
speed something has already taken place even at the lowest slip 
ratio for which measurements were taken, which causes both 
the torque and the thrust to be not in accordance with the open- 
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Fic. 3° Siip CHARACTERISTICS OF PROPELLERS 414 AND 1283-4 


(Pressure H at hub, in excess of vapor pressure = 2 ft of water. Note that 
at 1282 rpm propeller 414 cavitates even at low slip ratios.) 


water tests. In fact, the effect is so marked that there is an 
actual crossing of the observed curves, and it should be noted 
particularly that until the slip is near 20 per cent this propeller 
gives less thrust at 1282 rpm than it does at 855 rpm. 

It is obvious that since thrust and torque are shown so conclu 
sively to vary not by any simple function of N?, it is necessary 
when presenting curves Cg and Cy as functions of S, that N 
at which the values were obtained should be indicated. 

The following step is to investigate further the influence of \ 


F EXPERIMENTAL DETERMINATION OF THE 7'-N AND 
Q-N Curves 


In the preceding section 2E it was demonstrated that N did 
have an influence on the characteristic T-S and Q-S curves 
The task is now to investigate further by holding other elements 
constant and varying N progressively, at the same time observing 
visually the appearance of the back side of the blade and repeat 
ing with different values of pressure H and slip ratio S. Further 
more, all three model propellers were used to demonstrate the 
characteristic differences in type of cavitation arising from the 
peculiarities of design. 
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Fic. 5 PrRopevLer 1283-4 as SEEN By LIGHT OF THE EDGERTON STROBOSCOPE OPERATING AT THREE DIFFERENT SPEEDS WITH 35 


Per WATER PRESSURE OF 1.37 Fr In EXCESS OF THE VAPOR PRESSURE. 


Tue Water Is From Ricut To LErr 


((a) At 924 rpm the dark patch which appears to rest on the tip of the back (suction side) of the blade is laminar cavitation, so called because from this 


point of view it appears as a thin, smooth, sheet-like cavity lying on the blade. 
to 1155 rpm the laminar cavity has covered more of the back. 


the speed increase 


Note that this cavity trails astern like a twisted ribbon. (6) With 


To the eye, when accommodated to the light, the vortices trailing 


astern did not present such a frothy appearance as in the photograph (which consists of pictures taken by about ten flashes superimposed on each other), 


but did appear as a larger form of the tip vortices shown in (a). 
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Fic.4 Torqve-Speep anp THRUST-SPEED CURVES FOR PROPELLER 
1283-A at Two PRESSURES 
(Letters a, b, and c refer to Fig. 5. HH = pressure at hub, in excess of vapor 
a se {t of fresh water. Slip ratio = 0.35. Black shading indicates 
aminar cavitation while dotted shading indicates burbling cavitation; the 
Proportion of blade area covered by cavitation as indicated is probably cor- 
rect within + 5 per cent. Cavitation indicated is all on the back (suction) 
side of the blade.) 


Fig. 4 shows T and Q plotted against the square of the speed 
for the first two runs on propeller 1283-A, the slip in both cases 
being 0.35, but H in the first run was 2.37 ft of water in excess of 


(c) Speed still further increased to 1616 rpm. 
to the root of the blade and covers practically the entire back.) 


The laminar cavity now extends nearly 


the vapor pressure and 1.37 ft in the second. There is evidence 
that both the torque and the thrust vary in direct proportion to 
the square of the speed only to the point where cavitation becomes 
evident. For both pressures this ratio is the same, but at the 
lower pressure the breaking away from the common straight 
line is at a much lower value than for the higher pressure. It 
will be seen that the break away is intimately connected with 
the change of appearance of the back side of the blade. 

Fig. 5 shows illustrations a, b, and c taken at the stages in this 
second series marked by the points a, 6, and c on Fig. 4. 

In order to demonstrate more clearly than was possible with 
the conditions selected for the first two runs, two conditions were 
changed in the third, both being conducive to greater cavitation. 
In the first place the slip was increased from 0.35 to 0.45, and also 
the pressure was still further lowered to 1.04 ft of water. As 
will be seen later, this third run affords a much better comparison 
with the other models and lays a foundation for the subsequent 
argument. 

The results of this series are shown in Fig. 6. The straight 
diagonal lines from which the test curves would have broken 
away if they had been carried downward to the range of very 
low speeds were derived from the open-water tests and the dashed 
portion of the curve seems amply justified in the light of the pre- 
vious results. The form of both the T-N and Q-N curves is 
very important and should be carefully noted on account of the 
subsequent importance in the development of the theory pro- 
posed. Terms 07 /ON and 0Q/ON willbe referred to frequently, and 
it should be remembered that 07 /ON and 0Q/ON are simply the 
slopes of these two curves, which will be seen to vary from posi- 
tive to negative values and then return to positive again. The 
same characteristic will be seen for all of the models. 

In the upper part of Fig. 6 is represented the coefficients C, 
and Cg, respectively. The solid curves are plotted through the 
observed points, whereas the dashed portion is derived from the 
corresponding portion of the lower curves. If the breaking away 
from a diagonal at very low speeds is to be accepted, it then 
follows that the curves representing the coefficients likewise 
break away from a horizontal straight line. It is also important 
to note that both coefficients which start as horizontal straight 
lines pass through a transitional stage and then as cavitation 
becomes more fully developed approach horizontal lines again. 

Fig. 7 shows the corresponding results, both graphical and 
visual for propeller 414 with S = 0.35 and H = 1.92. The 
same characteristic shape of the curve will be observed, 
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Fic.6 Curves or T,Q, Cr AND Cg VERSUS N For PROPELLER 1283-A 
(Pressure H at hub, in excess of vapor pressure = 1.04 ft of waters, for open-water test H is large. Slip ratio = 0.45. Black shading indicates laminar 


cavitation while dotted shading indicates burbling cavitation. 


roportion of blade area covered by cavitation as indicated is probably correct within 


+5 per cent. Cavitation as indicated is all on the back of the blade, i.e., the suction side.) 


although the appearance of the cavitation is distinctly different. 

The view shown in Fig. 8 was taken under rather unfavorable 
conditions, but for what it is worth shows the early stages of 
burbling cavitation. The light of the stroboscope is dim, and 
it is first necessary for the eye to become accustomed to it, and 
then the individual bubbles will be seen distinctly. However, 
in order to photograph these it requires a number of flashes and 
the resultant picture is vague. The apparent roughness is made 
up of rapidly moving bubbles. A photograph probably made by 
the light of a single electric spark presented by Cook (33) is 
reproduced by courtesy of the Institution of Naval Architects 
as Fig. 9. Shortly after the completion of these experiments 
better photographic apparatus was available, and excellent pic- 
tures could be obtained with the Edgerton stroboscope. Fig. 10 
is an example showing individual bubbles and the beginning of 
tip vortices. 

Fig. 11 shows the corresponding tests for propeller 1538 with 
slip S of 0.35 and H of 1.37 ft. Here the open-water test was not 
available to derive the straight portion of the curves, but the ob- 
served data show very clearly the general breaking away and, in 
particular, the distinct S shape of the curves of Cr and Cg. It 
is also important to note on the sketches in Fig. 11, showing the 
visual appearance of the blades, the combination of burbling cavi- 
tation and the peculiar tip vortex which does not advance down 


the leading edge as in the case of propeller 1283-A. Unfortunately 
at the higher speeds the inherent structural weakness of this freak 
design led to mechanical failure of the blade following a bending 
of the tips. This caused the last two points to be displaced as indi- 
cated, and also prevented the open-water tests from being made. 

Summing up the observations common to all of the models: 

(a) By comparing the curves with the cavitation characteris 
tics, it is evident that there is a correlation between the amount of 
cavitation and the departure of these low-pressure T-N and Q- 
curves from the high-pressure T-N and Q-N curves taken from 
open-water characterization. This departure increases progres 
sively as the amount of cavitation increases; until cavitation cov- 
ers substantially the whole back of the blade, and from then on the 
departure maintains an approximately constant ratio to the high 
pressure 7'-N and Q-N curves. 

(b) Since 07"/ON and dQ/ON are the slopes of the 7-N and Q-N 
curves, it is apparent that both 07'/ON and 0Q/ON are positive 
up to maximum values, pass through zero and become negative, 
reach minimum values, pass through zero again and become posi- 
tive. 
(c) It is clearly apparent that 7 and Q vary with N by some re 
lation more complicated than varying as N?; because, if 7’ and @ 
varied directly as N*, the 7-N and Q-N curves would plot 4 
straight lines when the abscissas are proportional to N%, while the 
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cavitation while dotted shading indicates burbling cavitation. 
*5 per cent. 


actual curves under cavitating conditions are far from straight. 

(d) An examination of the Cy and Cg curves shows definitely 
and conclusively that those coefficients are not functions of S alone 
but are also functions of N. It is to be noted that C; and Cg 
seem to be approaching some constant value as N increases; and 
that probably, at very high values of N, and with cavitation cover- 
ing the entire back of the blade, (; and Cg become constant for 
a given S and H without regard to further increases of NV. 

These are only the principal points as a more thorough discus- 
sion is reserved for part 5 of this paper. 


G DereRMINATION OF THE T-H AND Q-H 
CuRVES 


In order to complete the investigation of the effect of the several 
variables upon the thrust and the torque, it remains to select a 
definite speed and slip ratio, and vary the pressure progressively 
over wide limits, at the same time noting the visual appearance of 
the back side of the blade. Figs. 12, 13 and 14 show the results 
for propellers 1283-A, 414, and 1538, respectively. Inasmuch as 
T and Cy are proportional to each other, and the same is true of 
Q and Cg, when N is constant, the curves for 7 and Q have been 
omitted. The absolute values of thrust and torque do not con- 
tribute anything to clearness and the values of the coefficients 
are more readily comparable with the coefficients in previous 
curves. 

A number of interesting deductions might be made from these 
figures, but it is desired to emphasize only two points at this 
time: (a) Examination of the curves shows clearly that, in the 
general case, thrust and torque coefficients are functions of H; 


Slip ratio = 0.35. Black shading indicates laminar 
by cavitation as indicated is probably correct within 


and that 07'/0H and 0Q/0H do not become zero until relatively 
high pressuresarereached. (6) Taylor (12,p.91) has shown that, if 
it is desired to have comparable conditions on similar propellers of 
different sizes, the pressures on the two sizes must bear the rela- 
tionship 


PyD = Py/d 


where P; and p; = the pressures on the large and small propel- 
lers, respectively, and D and d = the diameters of the large and 
small propellers. Consequently if P; and p, are expressed in 
feet of fresh water, division by the corresponding diameter in 
feet gives pressures in propeller diameters of fresh water. If, in- 
stead of recording the pressure on a propeller in pounds per 
square inch or in feet of water, we record it in propeller diameters 
of fresh water we have a ready means of making a quick estimate 
of how the pressures on full-size propellers on sea-going ships com- 
pare with the pressures on models. For this reason an auxiliary 
scale was placed on the 7-H and Q-H curves showing the pressures 
in excess of vapor pressure in propeller diameters of fresh water. 
This idea of using propeller diameters of fresh water as a unit of 
measurement greatly facilitates studying the pressure on full- 
size sea-going propellers, and such a study is presented in part 3. 


3—PRESSURE ON SEA-GOING PROPELLERS 
INTRODUCTION 


The T-H and Q-H curves of Figs. 12, 13, and 14 make it ob- 
vious that when there are high pressures on propellers a change of 
pressure has very little, if any, effect but that at low pressures a 
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slight change of pressure has a very great effect. There is no 
sharp dividing line between high pressures and low pressures but 
from a study of the curves it is reasonable to define “high pres- 
sures’ as pressures at the hub above 20 propeller diameters of 
fresh water; and “low pressures” as pressures below 10 propeller 
diameters of fresh water leaving the region between as indeter- 
minate. 

The question then arises: Do actual sea-going propellers operate 
in the high-pressure, in the low-pressure, or in the indeterminate- 
pressure zone? 

Since the pressure zones are so broad in terms of propeller diame- 
ters, since actual propellers always have at least full atmos- 
pheric pressure on them, and since sea-going propellers are usu- 
ally large, we can ignore vapor pressure in the case of actual pro- 
pellers. For example, if the vapor pressure equals 1 ft of fresh 
water and the propeller is 10 ft in diameter, then the vapor pres- 
sure equals only 0.1 propeller diameter of fresh water, which is 
negligible when we are considering pressure zones as broad as 
previously discussed. 


Fic. 8 PRopELLER 414 StTaGes OF BURBLING CAVITATION 
WHILE Takine T-N anp Q-N Data 


(The roughness which appears on the back (suction) side of the blade is com- 

posed of individual bubbles which can be seen distinctly when the observer's 

eyes become accommodated to the light, but which cannot be photographed 
distinctly with the author's equipment. See Fig. 9.) 


Hence, in order to answer our question a number of cases were 
chosen at random from merchant and naval surface ships and sub- 
marines. The following procedure was followed: (a) Hub sub- 
mergence was taken from the plans for designed mean draft in 
sea water for surface vessels and draft aft for submarines. (b) 
This was converted to an equivalent pressure in feet of fresh water. 
(c) To this was added, as equivalent to the pressure of a standard 
atmosphere, 33.93 ft of fresh water. (d) This sum was divided by 
the propeller diameter in feet to obtain the pressure in propeller 
diameters of fresh water at the hub. (e) The vapor pressure was 
ignored for reasons previously stated. 

Data for 66 surface ships and six submarines were examined by 
the foregoing procedure. The 66 surface ships included battle- 
ships, heavy cruisers, light cruisers, aircraft carriers, destroyers, 
a destroyer tender, an ammunition ship, a store ship, a transport, 
a repair ship, a submarine tender, an aircraft tender, a trawler, 
bay tugs, an ocean tug, a rescue tug, freighters, passenger ships 
of all classes, a training ship, and a passenger ferry. 

The following is a summary of the results: The arithmetic mean 
of absolute pressures at the hub in terms of propeller diameters 
of fresh water was 3.7 and 6.0 for surface ships and submarines, 
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respectively. The standard deviation from the mean was 0.69 
and 0.61 for surface ships and submarines, respectively. 


Sea-Gorna OPERATE UNDER Low-PRESSURE 
CONDITIONS 


The data in the preceding section 3A make the conclusion in- 
escapable that the propellers of sea-going vessels, including sub- 
marines running on the surface, operate under low-pressure con- 
ditions. Even the submarines would have to submerge about 100 
ft before their propellers could be considered as working under 
high-pressure conditions. 


Fig. 9 A Typicat EXaMpLe oF BURBLING CAVITATION 
(Courtesy of the Institution of Naval Architects, London. 


Fig. 10 Typican BurRBLING CAVITATION AND THE BEGINNING OF 
Cavities IN Tip VorTICES 


(Taken with improved photographic equipment installed at the U. 8. Experi- 
mental Model Basin after the completion of the author's experiments.) 


The previous part of this paper (see particularly 2B) shows that 
two conditions, a high-pressure (large H) or a low rotary § 
(small N), are required in order that the variations of propeller 
thrust (7’) with N alone should follow the simple law that T a N*; 
and that the thrust coefficient (C7) should be a function of slip 
only; and likewise for torque and its coefficient. 

This part of the paper, that is, part 3 demonstrates that, e% 
cept in the case of deeply submerged submarines, one of these two 
conditions (large 1) is not met in sea-going vessels. Consequently, 
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Fie. 11 Curves or T, Q, Cr, AND Cg For PRopELLeR 1538 


(Pressure H at hub, in excess of vapor pressure = 1.37 ft of water. Slip 


ratio S = 0.35. Black shading indicates laminar cavitation while dotted 


shading indicates burbling cavitation. Proportion of blade area covered by cavitation as indicated is probably correct within +5 per cent. Cavitation 
indicated is all on the back (suction) side of the blade. Line of the greatest thickness of blade runs from tip to root via midpoint of each section.) 


unless the other condition (small N) is met, we must expect 
all the complications which arise from the fact that thrust and 
torque will no longer vary as N?; and the thrust and torque 
coefficient will become functions of S, N, H instead of simple func- 
tions of S. 


4—LOCATION OF FIRST BURBLING AND LAMINAR CAVI- 
TATION 


A Locauizep Low Pressure Is PREREQUISITE TO 
Any CAVITATION 


One of the best methods to eliminate cavitation would be to 
find the location at which it first occurs and eliminate it there. 

A prerequisite to cavitation of any kind is a sufficiently low 
pressure. This can be demonstrated by experiments such as 
those reported in section 2G of this paper which show clearly 
that, all other factors remaining constant, cavitation does not 
begin until a sufficiently low pressure is reached, that cavitation 
does begin then, and that it can be crushed out by raising the pres- 
sure again. Ackeret’s experiments (34) in connection with cavi- 
tation erosion show this even more clearly, and specifically show 
that the pressure required to prevent cavitation is almost exactly 
that required to prevent boiling. 

Cavitation being a localized phenomenon, we may say that a 
localized pressure, low enough to permit boiling, is a prerequisite 
to cavitation. As the general static pressure is reduced near the 
Suction face of a working propeller, it is obvious that the region 
which first reaches a localized pressure low enough to permit boil- 
ing is the region which had the lowest pressure before cavitation 


began. Consequently, if we knew the pressure distribution 
around a propeller blade, we could point to the region of lowest 
pressure and say: When cavitation begins it will begin there. 

Pressure distribution can be, and has been, determined experi- 
mentally on airfoils. There area number of theoretical methods 
for predicting with a fair degree of accuracy, the pressure distribu- 
tion around an airfoil. The experimental method is obviously 
slow and tedious. The theoretical methods (35), for example the 
method of sources and sinks, are even more slow and tedious. 
Since our present object is simply to ascertain approximately 
where the regions of lowest pressure will occur, it seems possible 
that shorter and sufficiently accurate methods could be used to 
estimate this. Since burbling cavitation and laminar cavitation 
are distinctly different, the study of their sources will be made in 
separate sections of this paper. 


Prositem or Locatine First Bursiinc CAVITATION 
BY SHort MetTuop 


Burbling cavitation on a blade moving relative to water ap- 
pears when the pressure in any region has been reduced to approxi- 
mately vapor pressure, and can be crushed out by increasing the 
pressure to slightly above vapor pressure, as is shown by the ex- 
periments of Ackeret (34). Therefore, the problem of determin- 
ing the location of the first appearance of burbling cavitation re- 
solves itself into this question: In what region on a propeller 
blade will the lowest pressure occur? 

Since a short method is desired, a number of simplifications 
will be made, which a priori were believed to be justified and a 
posteriori were found to be justified. These simplifications are: 
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Fig. 12 Curves or Cr anp Cg Versus Pressure H at Hus PROPELLER 1283-A 


(Speed = 1600 rpm. Slip ratio = 0.35. Black shading indicates laminar cavitation while dotted shading indicates burbling cavitation. Proportion 
of blade area covered by cavitation as indicated is probably correct within +5 per cent. Cavitation indicated is all on the back 
(suction) side of the blade.) 
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(a) Only the case of uniform motion will be considered. 

(b) Over the area considered—from near the leading edge to 
near the trailing edge—the velocity relative to the blade will be 
considered uniform. (Considering the usual curvature of blade 
sections and the usual angles of attack, this is a justifiable pre- 
liminary simplification and corresponds to that used by Prandtl 
(27) in deriving the pressure integral over the surface of an air- 
foil.) 

(c) Over the area considered the stream lines will be considered 
approximately parallel to each other. 

The following physical statements will be considered as correct 
for the present purpose: 

(a) Liquid in which a body is submerged exerts a pressure on it. 

(b) The pressure can be considered as being exerted by the 
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(Speed = 1600 rpm. Slip ratio = 0.35. Black shading indicates laminar 

cavitation while dotted shading indicates burbling cavitation. Proportion 

of blade area covered by cavitation as indicated is probably correct within 

*5 per cent. Cavitation as indica is all on the back (suction) side of 

the blade. Line of greatest thickness of blade runs from tip to root via 
midpoint of each section.) 


liquid particles in immediate contact with the approximately 
stagnant boundary layer of liquid which clings to the body. 

(c) The particles outside those mentioned in (b) merely increase 
or decrease the pressure on the latter and, if the stream lines are 
approximately parallel, do not change the relative pressure ex- 
erted by a particle in contact with the body (or boundary layer) 
as it flows past the body. 

(d) Consequently, if we determine the relative pressure ex- 
erted on a body by a particle which flows past it, but always in con- 
tact with it (or the boundary layer), we can determine the location 
of the lowest pressure. 

(e) If a particle of liquid is being accelerated, a force is involved. 
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(f) In the case of a submerged propeller blade, the forces of 
gravity and cohesion can be ignored; therefore, the remaining 
force is a difference in pressure. 

(g) A particle of liquid moving relative to but in contact with a 
submerged body has no relative velocity toward or away from 
that body, but may be accelerated relatively to the undisturbed 
fluid and this acceleration may be relatively toward or away 
from the body. 

(h) If the acceleration is toward the body, it indicates that the 
pressure at the body is less than in the surrounding liquid; and 
vice versa. 


C SOLUTION OF THE PROBLEM 


For our analysis of this problem it will be necessary to refer 
to Fig. 15 and to use for this purpose only the following nomen- 
clature, taking care not to confuse P, S, and N with the values of 
pressure, slip, and rpm used previously. The distinction be- 
tween P as a pressure, and P as a point will in every case be 
perfectly obvious. In Fig. 15 which represents a general cross 
section of a propeller blade, let 


P = a particle of fluid moving relative to but always in contact 
with the blade 
R = radius of curvature of the blade at point P 


Po = position of P when moving parallel to the direction of the 
motion of the blade in space, i.e., Po is the point of tan- 
gency where the curve of the back of the blade is tangent 
to the direction of motion W, and where 6 = 0 


Fig. 15 DETERMINATION OF THE LOCATION OF PortntT oF MINIMUM 
PRESSURE ON A PROPELLER BLADE 


Ro = radius of curvature of the blade at point Po 

W = velocity and direction of the blade in space, i.e., relative to 
the undisturbed fluid 

velocity and direction of P relative to the blade. The di- 
rection must obviously be tangent to the blade. Note, 
from Fig. 15, that on the suction side of the blade V must 
always be greater than W, being compounded of W plus 
the circulation velocity 

= the velocity of P in space 

component of S which is normal to the blade 

supplement of the angle between V and W 

= angle between S and V 


v= 


ll 


Since V is always greater than W on the suction side, N must 
always lie between W and S; although, mathematically it would 
make no difference on which side of S, N lies; for in any case 


sin 8 sin 6 
Therefore 
W sin @ 
sin B [21] 
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Hence 


Multiplying Equations [23] and [24] we get 
dN WVcosé 


de” at dt R 


But dN/dt = the component of acceleration in space normal to 
the blade, so denoting this acceleration by A we have 


WV cosé@ 


and we have to consider how the value of A may vary with the 
position of the point P, when the shape of the blade, the angle of 
attack, and the speed W are given. 

By our simplifying approximation (6), in section 4B of this 
paper, the speed V may be treated as a constant, except close to 
the edges of the blade; hence we may set 


wv 
Ro 


[27] 


and, letting R = mR, we may write Equation [26] in the form 


We exclude from consideration, as not occurring in marine 
propellers, those profiles in which the suction face is concave near 
the trailing edge; and consequently m is then always positive, 
varying from a small fraction near the leading edge of an airfoil 
section such as that illustrated by the figure, to + © ata place 
where the blade is flat. The angle @ is positive on the leading part 
of the blade, ahead of Po, and negative on the trailing part, but 
always between + 90 deg and—90 deg so that 0 = cos@ = 1; 
hence, A can never become negative. 

“Ogival blades” are blades in which the profile of the back is a 


circular arc. These are the easiest to discuss for m = 1 every- 
where, so that Equation [28] reduces to 


The value of A is evidently a maximum for 6 = 0, i.e., at the 
point of tangency Po, and falls off in both directions so long as V 
remains constant. 

Therefore, in the case of ogival blades burbling cavitation will 
ordinarily begin at the point of tangency, Po. It is to be noted 
that the location of Py depends on the angle of attack, which is 
about half the slip angle due to the increase of water speed ahead 
of the propeller.’ As the slip ratio increases, Py approaches and 


7 Aside from theoretical considerations, this increase of water 
speed ahead of the propeller can be proved by examination of the 
stream lines in the illustrations, particularly Fig. 10, of the paper 
‘‘Photographs of the Flow Round a Model Screw Working in Water, 
Especially in the Vortex Ring State,”” by C. N. H. Lock and H. C. 
Townsend, Philosophical Magazine and Journal of Science, vol. 3, 
series 7, January-June, 1927, p. 224. In order to photograph the 
flow, Lock and Townsend sprayed into the water a mixture of xylene 
and carbon tetrachloride which has a density about equal to that of 
water but has a different refractive index. 
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ultimately reaches the leading edge, where it can no longer be as- 
sumed that V = a constant; and in such case Equation [29} 
must be replaced by 


As P (not Po) approaches the leading edge, cos @ continues to 
decrease (slowly if the blade is thin); but if V increases rapidly, 
A may have another maximum which may be higher than the one 
at Po. Now physical common sense and Bernoulli’s theorem in- 
dicate that at high angles of attack’ there will probably be a great 
local increase of V near the leading edge. Right at the leading 
edge cos 6 = 0, so it is to be expected that if there is a maximum 
of A near the edge it will not be right at the edge although close to 
it; which is what actually happens, as will be indicated later. 

Hence, in regard to ogival blades we may say: 

(a) Under ordinary conditions of operation and at ordinary 
slip ratios there will be only one maximum value of A that it will 
be at the point of tangency Po, and burbling cavitation will start 
there. 

(b) At higher slip ratios there may be two maximum values of 
A: One at Po, and the other sharply localized near the leading 
edge, and burbling cavitation may start independently from both 
places and finally spread and come together as W increases or the 
pressure is lowered. 

(c) At high slip ratios, and angles of attack, Po will be at or so 
close to the leading edge that even if there were two maximum 
values of A at lower slip ratios the two would coalesce and bur- 
bling will start at or very near the leading edge. 

Blades of “airfoil section,” so far as they occur in marine pro- 
pellers, have backs (suction faces) with a radius of curvature that 
is very small near the leading edge and increases continuously to- 
ward the trailing edge so that from P» forward m < 1 and from 
P aft to the trailing edge m > 1. 

Near the trailing edge, and with such slips as occur in practice, 
6 is a rather small negative angle and cos @ is a little less than 
unity. As the point P moves forward cos 6 passes through its 
maximum value of unity (i.e., cos 6 = 1 at Po) and then de- 
creases more and more rapidly as P approaches the leading edge. 

Since, in practice, between P» and the trailing edge cos @ < 1 
and m > 1, the maximum value of A will not occur behind, but 
will occur at or forward of Po. 

Hence, we need to discuss only that portion of the blade from 
Po forward. Referring to Equation [28], it will be seen that the 
ratio (cos 6/m) is the controlling factor. Since both cos @ and m 
decrease as P moves forward from Po, the value of the ratio 
(cos 6/m) will depend upon the respective rates of their decrease. 
Several practical cases may be cited: 

(a) The ratio (cos 6/m) may vary at such a rate that as P 
moves forward A increases from its value at Po up to some greater 
value and then decreases; this is the usual case for airfoil sections, 
and in such a case burbling cavitation would begin forward of the 
point of tangency Po. 

(b) The ratio (cos 6/m) may vary at such a rate as P moves 
forward that A remains constant up to some point and then either 
increases or decreases. In the former case burbling cavitation 
would start so far forward of the point of tangency Po as to occur 
near the leading edge and in the latter case would start simultane- 


8 In the case of a marine propeller, an angle of attack in the order 
of 5 deg or greater must be considered high since it corresponds to 4 
slip ratio so high that it is practically impossible for a propeller to 
operate satisfactorily. For example, if the angle of attack is 5 deg, 
the slip angle is about 10 deg, and if the pitch ratio is 1.0, the slip 
ratio will be 0.578, or nearly 58 per cent. Operating steadily at such 
a slip ratio is not practical because the maximum efficiency of propel- 
lers occurs at slip ratios of about 0.15 to 0.20. 
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ously over an area which is forward of the point of tangency. 

(c) The ratio (cos @ /m) may vary at such arate that there are 
two or more maxima, but this is unusual except in the case of high 
slip ratios where both maxima are so close to the leading edge that 
for practical purposes they coalesce, and as in the case of ogival 
blades at similar high angles of attack burbling cavitation would 
start in close proximity to, but not right at, the leading edge. 

In view of the foregoing discussion it may be stated that under 
usual conditions burbling cavitation on an airfoil blade will start 
forward of the point of tangency Po. 

This discussion suggests that we should use the smallest radius 
of curvature of the back of the blade that can be used, while 
keeping out of burbling cavitation. Also, that we should so vary 
the radius of curvature that when burbling cavitation does occur 
it will occur simultaneously over the greatest possible area, for in 
such a case we shall have been exerting the maximum possible 
suction over the greatest possible area. 

Equation [26] and Equation [30] indicate an explanation 
of the well-known fact that for a given width of blade the greater 
the thickness (and consequently the less the radius of curvature) 
the greater the lift (23, 36)—up to the point of burbling cavitation. 

Since we were interested only in the reduction of pressure which 
causes burbling cavitation, the foregoing discussion was limited to 
the back of the blade, as under ordinary conditions the reduction 
of pressure occurs only on the back. However, at very small, or 
negative angles of attack reduction of pressure can occur on the 
face of the blade. The essential condition for reduction of pres- 
sure is that a particle P, flowing in contact with the blade, is being 
accelerated toward the blade. For such acceleration to occur the 
vector V shown in Fig. 15 must swing toward the blade as P 
moves toward the trailing edge. When the angle of attack is so 
low that the stagnation point® is on the back of the blade, the 
water which flows around the leading edge to the face of the blade 
must be accelerated toward the blade in that region and hence 
cause a reduction of pressure. Consequently, there may be a 
maximum reduction of pressure on the back of the blade and an- 
other on the face of the blade. This condition is shown later in 
Fig. 16 for angle of attack = — 6 deg. 

Although, in so far as cavitation is concerned, we are not con- 
cerned with increase of pressure, yet it should be pointed out that 
arguments similar to those which lead to the derivation of Equa- 
tion [28] indicate an explanation of the well-known fact that the 
flat pressure face of a blade contributes a relatively small propor- 
tion to the thrust of a propeller (or lift of an airplane wing) in 
comparison to the thrust contributed by the suction side of the 
blade. At ordinary angles of attack the stagnation point is on the 
pressure side of the blade. The particles which flow in contact 
with the blade must have passed the immediate vicinity of the 
stagnation point. At that point the velocity component normal 
to and toward the blade is reduced to zero and consequently the 
acceleration normal to and away from the blade is a maximum, 
and there the highest pressure will occur. Thereafter, if the blade 
is flat, particles flowing in contact with it would have no accelera- 
tion normal to it and consequently would not increase the pres- 
sure. Such increase of pressure as does occur behind the stagna- 
tion point must be attributed to the slowing of the flow of water, 
and to particles not in contact with the blade which are still 
changing their velocity normal to the blade after the leading edge 
has passed. On this basis, if the pressure face of a blade is con- 
cave, a particle flowing in contact with it would be accelerated 
away from the blade during its passage across the blade and we 
could expect a greater pressure on the face; which does occur as 
matter of experimental fact. 


* The stagnation point on the blade is where the stream of water 


_ es, part flowing around the back and part flowing around the 
ce. 
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D EXPERIMENTAL VERIFICATION 


A number of ogival blades were tested at various angles of at- 
tack, and the pressure distributions are given in Report No. 499 
of the Construction Department, Navy Yard, Washington, D. C., 
July 29, 1933. In every case there is a maximum suction very 
close to the point of tangency (where 6 = 0). The agreement is 
so close that any departure therefrom may well be an error of ob- 
servation, considering that the measurements are taken at a num- 


=| a ANGLE OF ATTACK 
STAGNATION 
PRESSURE 
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Fic. 16 PRressurRE-DisTRIBUTION CURVES FOR MIDDLE SECTION oF 
AN AIRFOIL AT VARIOUS ANGLES OF ATTACK 


(The curves reproduced here are from Prandtl (29). Notice that in every 

case the point of lowest pressure (maximum suction) is forward of the 

point of tangency, and that the more rapidly the radius of curvature is de- 

creasing forward of the point of tangency, the further forward, relatively, is 

the point of lowest pressure. Notice particularly the case of a=—6 deg 

where there is a point of lowest —— on the upper side and the lower side 
of the wing.) 


ber of points on the back of the blade and a curve faired through 
them. The only complication which arises is when the blades are 
at a high angle of attack (above 5 deg); this complication was in- 
dicated in the discussion of the Equation [30]. The complication 
is that there are two maxima. The first is due to flow around the 
sharp leading edge where R approaches 0. This gives a strictly 
localized and high degree of suction near the leading edge (within 
about 5 per cent of the chord length from the leading edge). The 
suction then decreases sharply, and thereafter rises to the normal 
maximum at the point of tangency (where @ = 0). 

In the Report No. 34 of the Construction Department, Navy 
Yard, Washington, D. C., July 7, 1917, there are given the ex- 
perimentally determined pressure distributions for an airfoil 
blade at a number of angles of attack and modified a number of 
times as to shape by bending the trailing edge. An examination 
of these shows the same general law to hold; the lowest pressure 
is near the point of tangency (where 6 = 0); or more generally 
forward of that if R is decreasing rapidly. 

Prandtl (29) shows the experimentally determined pressure- 
distribution curves for the middle section of an airfoil at various 
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angles of attack. Those curves are reproduced in Fig. 16 with the 
addition of lines of tangency for the various angles of attack drawn 
on the sketch of the airfoil section. It will be seen that the lowest 
pressure occurs forward of the point of tangency (where @ = 0) 
for each angle of attack and that R is decreasing rapidly forward 
of the point of tangency. 

The tests of over 50 model propellers have been carried through 
cavitation. In every single case burbling began, as nearly as 
could be estimated, at the point of tangency, i.e., where 6 = 0, in 
accordance with the formula derived above; or somewhat for- 
ward of that point in the case of airfoil sections which have R 
decreasing toward the leading edge. 

An important caution to observers should be noted at this 
point: The bubbles form, drift toward the trailing edge, enlarge, 
and collapse; therefore, the center of the area in which they are 
seen is well behind the point of initial formation. Obviously, 
the bubbles must begin forming at least as far forward as the lead- 
ing edge of the area in which they are seen. At first glance, the 
leading edge of this area will not be seen as far forward as it really 
is because the illumination by a stroboscope is dim and the very 
small bubbles cannot be seen at their initial formation. There- 
fore, an observer should allow ample time for his eyes to become 
fully accommodated to the dim illumination of the stroboscope, 
concentrate attention on the leading edge of the burbling cavita- 
tion field in order to determine where burbling actually begins, 
and then raise and lower pressure to crush the cavities and then 
permit them to re-form. It will be well worth while for an observer 
to familiarize himself with the “‘still’’ reproductions of Mueller’s 
(37) slow-motion pictures of burbling cavitation on a fixed blade 
in order to be certain of the details he should watch for on a ro- 
tating propeller. 


UsEFULNEss oF Equation [30] 


As shown in the foregoing discussion, the acceleration dN /dt is 
the result of a pressure at the blade above or below that of the 
surrounding fluid. The total pressure at the blade is the pressure 
of the surrounding fluid plus or minus this acceleration pressure. 
Whether or not burbling occurs depends upon the total pressure at 
the blade. Hence, if the pressure in the surrounding liquid can be 
raised sufficiently, burbling cavitation can be crushed out. (See 
the author’s variable-pressure experiments reported in section 
2G of this paper.) 

But the pressure on a marine propeller is limited by its prac- 
ticable submergence. In the case of a surface ship the absolute 
pressure at the hub is limited to a fairly narrow range. As shown 
in part 3 of this paper, this pressure is about equal to that of a 
column of fresh water (3.7 + 0.7) times the propeller diameter. 
Therefore, if the propeller is submerged as far as practicable, relief 
from burbling must be sought elsewhere. Equation [30] shows 
this can be done in three ways; viz., 

(a) Decrease W, which means decrease the speed of the propeller, 
particularly its rotary speed. 

(b) Decrease V, which is compounded of W and the circulation 
velocity. Consequently, V can be reduced by decreasing either 
W or the speed of circulation, or both. The speed of circulation 
can be reduced by decreasing the angle of attack, i.e., the slip 
ratio in the case of a propeller. 

(c) Decrease (d@/dt). This can be done by increasing the radius 
of curvature of the blade, even though V remains constant. This 
increase of curvature can be attained by either widening or thin- 
ning the blade, or both. 

As an important caution, Equation [30] indicates with a toler- 
able degree of accuracy where the point of lowest pressure occurs, 
and consequently where burbling cavitation starts. It is not in- 
tended to, and does not, predict the pressure distribution over the 
entire blade. The simplifying assumptions that from near the 


leading to near the trailing edge of a blade the velocities are uni- 
form, and the stream lines parallel, are not nearly accurate enough 
for that. Consequently, while the formula may be used for esti- 
mating where burbling cavitation will first occur and what should 
be done to delay the occurrence, itshould not be used for estimating 
actual pressure distribution more than a short distance in either 
direction from the point of maximum acceleration. 


F A Vortex Is PREREQUISITE TO LAMINAR CAVITATION 


A laminar cavity is a cavity stretched out in a long thin sheet or 
tube. A little consideration of the operation of the forces of hy- 
drostatic and hydrodynamic pressures of liquids and gases, and 
the force of surface tension, will be convincing that a cavity in a 
liquid—in other words a bubble—must assume a form that is 
roughly spherical if the cavity is floating freely, and roughly 
hemispherical if the cavity is in contact with a solid unless some 
additional force is acting. A burbling cavitation field may have 
any form, but the individual bubbles will be of the forms 
indicated. 

On the other hand, at the axis of a tubular eddy or vortex, the 
pressure falls below the static pressure in the body of the liquid 
outside because of the centrifugal forces of rotation, and if it falls 
as far as to the vapor pressure of the liquid, a tubular cavity is 
formed. The liquid tends to boil off into this open space, but any 
foam or spray that may result will also be rotating and will be 
thrown out against the walls of the cavity, frequently leaving an 
optically empty core with sharply defined walls. It is not appar- 
ent that an elongated cavity with this clear-cut appearance, 
characteristic of laminar cavitation, could originate from any 
other cause, and therefore the following argument will proceed on 
the assumption that the formation of a tubular vortex is pre- 
requisite to the occurrence of laminar cavitation. 


G Location or First LAMINAR CAVITATION BY VORTEX 
GENERATORS 


If vortex formation is necessary for laminar cavitation, it may 
be expected that this cavitation will begin at such points on the 
blade as are most likely to generate strong vortices. Such parts 
of a blade will be called, for convenience, “vortex generators.” 
The problem of locating the first laminar cavitation then resolves 
itself into locating vortex generators. 

Ample theoretical and experimental authority for the immedi- 
ately following discussion of vortex generators can be found in the 
works of Prandtl (30, 38) from which several quotations will be 
made. To simplify the discussion, the example of a single air- 
plane wing will be discussed first, and the results applied to pro- 
peller blades later. 

In the case of a finite wing the pressure differences between the 
top and bottom have “to disappear gradually toward the wing 
tips. On account of the greater pressure below the wing surface 
than above it, some air will flow from the bottom to the top around 
the wing tips. Therefore a sidewise current exists over most o/ 
the wing surface,” directed outward on the lower side and in- 
ward on the upper side. “This causes a surface of discontinuity 
in the air leaving the wing, which is ultimately rolled up into two 
distinct vortices. According to the theorem of Helmholtz, these 
vortices always consist of the same air particles so that they leave 
the wing approximately with the wing’s velocity through the air.” 

The term “bound vortex” has been reserved by many write! 
for the theoretical lifting vortex around and traveling with the 
wing. The term “free vortex” is generally applied to those actual 
vortices which trail astern from the wing tips, and it is a very 8? 
propriate name considering that the particles of fluid actually 
flow away from, or are left behind the wing. 

But, desiring to bring out another idea, the author has coined the 
term “anchored vortex” in order to connote the idea that what 
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ever the particles may be doing the form of the vortex remains 
anchored relative to the wing. The “‘sidewise current” mentioned 
previously makes the particles move in approximate helixes 
around the core of the vortex, making the vortex itself (when 
rendered visible by any means) take on the appearance of a twisted 
ribbon. Since new particles are continually being fed into the 
vortex, this helical motion around the core is necessary to the con- 
tinued existence of an anchored vortex. If, instead of a helical 
motion, the particles had a motion in closed circuits around the 
core, the vortex could not possibly remain anchored. It would 
break away from the wing and drift astern, to be followed by a 


Fic. 17 ILLUSTRATING THE PossIBILITy OF Root VorTICES aS WELL 
as Tip VorTICES 


succession of other similar vortices; producing the phenomenon 
known as the Kaérm4n Trail. 

The tip of a propeller blade corresponds to the tips of a wing. 
Therefore, it may be expected that the tip of a propeller blade will 
be the major vortex generator. If root vortices exist they are 
rarely apparent as cavities trailing astern, but the possibility that 
they may exist and can form cavities is indicated in Fig. 17, the 
illustration of which is credited to Flamm (49). 

It may be readily understood that, by reason of the sidewise 
current, the tip vortex will start at some radius well short of the 
actual tip radius if the leading edge is curved aft, as is usual with 
propeller blades. This, in fact, does occur, and the straighter the 
leading edge the further toward the tip does the actual vortex 
start. 

Obviously, any nick, roughness, or other irregularity on the 
blade will cause some disturbance of the flow over the surface of 
the blade. If the form of the irregularity is such as to produce a 
sidewise current the irregularity becomes a miniature vortex gen- 
erator, and a miniature anchored vortex is formed. A group of 
such miniature anchored vortices is a laminar cavitation field. 


(H) EXPERIMENTAL VERIFICATION BY DirEcT OBSERVATION 


Typical examples of laminar-cavitation fields are indicated in 
Fig. 13 showing the cavitation characteristics of model propeller 
No. 414 after it had corroded and become roughened, and in 
Figs. 11 and 14 showing the cavitation characteristics of model 
propeller No. 1538 which had a weak leading edge easily subject 
to deformation. This latter propeller had a large anchored vor- 
tex originating almost exactly at the tip; on lesser radii it had a 
series of minute vortices. In every case the rough spots generat- 
ing the minute vortices could be located by feeling with the finger 
nail or by observation with a magnifying glass. That there were 
Separate minute vortices could be seen by lowering and raising the 
pressure so that the cavities formed and disappeared. With ad- 
vanced stages of cavitation at very low pressures the edges of the 
thread-like tubular cavities were so close to each other that it was 
difficult to see clearly that they were separate; hence the impres- 
Sion Was sometimes given that the cavitation field was a single 
thin sheet of one cavity. However, occasional clear glimpses 
showed that the thin sheet was composed of a series of thread-like 
tubes closely packed side by side, and slightly raising the pressure 
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made it apparent that there really were a series of miniature 
anchored vortices forming the laminar-cavitation field. 

It is much simpler to obtain direct observation of the large lami- 
nar cavities produced by tip vortices. The usual view of them is 
with the line of sight almost normal to the blade. With this view 
they give the appearance of thin sheet-like and perfectly smooth 
cavities lying on the back of the blade as shown in Fig. 5. There 
is no “ribbed” appearance to the sheet such as marks the separate 
minute vortices in a laminar-cavitation field. From the point of 
view described previously it is hard for an observer to see that the 
cavity really is the core of a vortex as long as he is looking through 
it at the blade, although he might infer this by looking at the 
“twisted-ribbon” shape, typical of an anchored vortex which 
trails away from each tip. But, if the observer moves so that his 
line of sight is practically tangent to the back of the blade, it is 
apparent that this ‘“twisted-ribbon” or tubular cavity, shown in 
Fig. 18, forms the whole of the laminar cavity. Owing to the 


Fic. 18 Propev ter 1283-A OpeRratine at 1600 Rem WitH 35 Per 
Cent 


((a) Pressure at hub, in excess of vapor pressure = 8.66 ft of water. View 

is from such an angle that line of sight is approximately tangent to the back 

of one blade. The laminar cavity is not in contact with the back of the blade, 

but is separated therefrom by a thin wall of water. This is also true of (b) 

which was taken with a water — in excess of vapor pressure, of 7.30 
t of water.) 


structure of the variable-pressure water tunnel it is difficult to get 
into position to obtain these latter views, which is probably the 
reason they were not observed before. The author would not 
have made observations from such a point had he not been led by 
a priori theoretical considerations to assume that a vortex is pre- 
requisite to laminar cavitation, and then to try observing laminar 
cavities from all possible situations in order to find out if the as- 
sumption were true. The actual view with the eye is much 
clearer than the photograph. The stroboscopic light is so dim 
that the exposure of the photograph had to be about 10 revolu- 
tions, thus blurring the sharpness and distinctness of the edges of 
the cavities and not showing the actual helical motion of the 
water around the cavity which can be seen by an eye accustomed 
to the dim light. 

The process of formation of a laminar cavity can be observed 
extraordinarily well by the following special procedure: Run the 
propeller at constant speed and slip as when taking the T-H and 
Q-H curves, start with full atmospheric pressure on the water sur- 
face, and pump down toward vacuum as rapidly as possible. The 
tip vortices, with their centers of low pressure have been there all 
along, of course, but cannot be seen because there is no appre- 
ciable difference in refractive index between the high-and low-pres- 
sure regions. As soon as cavity starts, there is a sharp difference 
in refractive index and the cavity is clearly visible. Following the 
procedure outlined, the observer sees the following successive 
phenomena: A series of small bubbles—like glass beads on a 
string—form along the axis of the vortex at a slight distance 
away from the blade. These bubbles enlarge and elongate until 
they appear like a string of sausages. With still further reduction 
of pressure, the ends of the bubbles coalesce and the typical lami- 
nar cavity results—a long tubular bubble, which has a cross 
section approximately circular while the diameter is small, and a 
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cross section becoming more and more elliptical as the diameter 
enlarges near the blade. The bubble with an elliptical cross 
section trails away from the blade like a twisted ribbon. As the 
laminar cavity collapses well astern of the propeller it goes 
through the reverse process: Its cross section becomes more cir- 
cular, parts of the wall collapse giving it the appearance of sau- 
sages again, and finally the string-of-beads state is reached just 
before the final collapse. In the collapse of a very large laminar 
cavity these processes cannot all be seen so clearly, as the “‘string- 
of-sausages” state and string-of-beads state are more likely to be 
churned into turbulent foam owing to the larger forces involved. 

In every case, however, as long as conditions permit clear vision 
and the line of sight is nearly tangent to the blade, it is apparent 
that the laminar cavity itself is not in contact with the blade; 
rather, it is always separated from the blade by a layer of water, 
sometimes a thin layer, but, nevertheless, a definite layer of 


Fie. 19 ExXaMpLes oF A FrotHy BuRBLING CAVITATION 
FIELD 


(This cavitation field occurs when the water flows over a sharp leading edge 
in such a manner that no sidewise current exists, and consequently water 
cannot travel in approximately a helical path around a central axis, thereby 
forming an anchored vortex. These illustrations show face cavitation on the 
pressure side of the leading edge of a blade at low slip ratios. Illustrations 
published through the courtesy of es ane of Naval Architects, 
ndon. 


water. An examination of Fig. 18 with a magnifying glass will 
show this. Some illustrations by Lerbs (40) of the cavitation 
around a stationary blade also show this effect. Study of the 
question will indicate that if, as assumed, a laminar cavity is at 
the core of a liquid vortex, then the cavity itself cannot possibly 
be in contact with the blade, because a vortex could not exist with 
one wall solid. This point is very important in explaining propeller 
action during cavitation; and will be discussed later in part 5 of 
this paper. 

When flow around a sharp edge has no sidewise current, and 
consequently cannot produce an anchored vortex, a laminar 
cavity does not result. Instead, a burbling cavitation field is pro- 
duced and is filled with frothy foam as shown in Fig. 19. This is 
typical of cavitation which occurs near the leading edge of the 
pressure face of a blade when the propeller is operating at a low 
slip ratio, or having some portion of the blade operating at very 
low or negative angle of attack. The hypotheses regarding vor- 
tex generators developed in the two preceding sections offer a 
practical explanation of the known facts that laminar cavitation 
can be reduced or delayed by (a) making the blade perfectly 
smooth and with easy curves, particularly near the leading edge; 
and (6) in particular by reducing the pitch near the blade tips, 
which, of course, reduces the sidewise current there and conse- 
quently reduces the strength of the anchored vortex at the tips. 
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I EXPERIMENTAL VERIFICATION FOR Boru Kinps or Cavita- 
TION From Test Recorps oF NUMEROUS PROPELLERS 


In the foregoing sections there have been developed certain 
hypotheses regarding where burbling and laminar cavitation will 
begin. These hypotheses were developed by a priori reasoning 
from known physical laws and verified by intensive experimenta- 
tion by the author on three types of propellers and by experimen- 
tal evidence from known pressure distribution and vortex action 
on various types of airfoils. 

Not being satisfied to stop at this point the author searched the 
records of the U. S. Experimental Model Basin for all propellers 
which had cavitation characteristics recorded. He examined these 
records to find if any one observation was contrary to his hypothe- 
ses, because one such observation would overthrow them. There 
was not one observation contrary to the hypotheses. 


5—THE REASONS CAVITATION REDUCES THRUST AND 
TORQUE 


Resectep EXPLANATIONS 


An extensive study of the literature regarding marine propel- 
lers has revealed many writers and experimenters who state or 
prove that cavitation reduces thrust and torque below that which 
would be obtained with all other conditions the same except the 
existence of cavitation. 

The favorite explanation of this phenomenon can be summa- 
rized in the words of Tutin (41): 

“The thrust of a screw propeller is the resultant longitudinal 
component of the excess pressure on the face of the blades and the 
defect of pressure on the back. Both the pressure on the face and 
the suction on the back increase as the speed of advance and the 
revolutions are increased, but whereas an excess pressure May go 
on increasing indefinitely, the limit of suction at a given point is 
reached when the absolute pressure is reduced to zero, assuming 
for the moment an ideal fluid which does not evaporate, and which 
contains no occluded gases. Any further increase in speed and 
revolutions will produce no further increase in thrust at this point, 
and, will merely extend the boundaries of the region over which 
the pressure is zero. 

“In the case of a fluid which evaporates, the limit of pressure 
will be reached when the absolute pressure is equal to the vapour 
pressure.” 

Other writers use similar explanations (15, 23, 42). 

The implications of this explanation can be studied more readily 
if thrown into the form of mathematical equations. Remember- 
ing that the thrust is only one component of the total force, or 
lift, acting on an inclined plane moving through water, then 


where L = lift on the inclined hydrofoil (or propeller blade); h = 
force on one whole face of the blade due to static pressure in ex- 
cess of vapor pressure; p = force in excess of h due to kinetic 
action'® on the entire pressure face; and s = amount by which 
force on the suction face is reduced below h by kinetic action. 

It is further assumed (see last two sentences of the foregoing 
quotation from Tutin) that variations of h or s can carry (h —) 
down to a minimum of 0 when cavitation will occur; and that 
further variation in the same direction will leave (h — s) constant 
Hence according to the explanation: 

When (h — 8s) > 0 


10 The term ‘‘kinetic action” is used purposely rather than “‘dy- 
namic action” because it is more accurate and because of explanation 
in subsequent sections of this paper. 
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When (h — s) is 0 and constant 


= = 1 {33 
[33] 

The implications of Equation [32] may be accepted, for it is a 
matter of general experimental fact that there is little or no varia- 
tion of lift with pressure alone before cavitation occurs. The im- 
plications of Equation [33] may be accepted provisionally for 
certainly after cavitation occurs the lift decreases rapidly with 
pressure (although, for reasons which will not be discussed in this 
paper, it is doubted that the variation follows such a simple law as 
that indicated in Equation [33]). 

The favorite explanation further assumes that, all other condi- 
tions (such as angle of attack, shape and size of blade) being con- 
stant 

and 


where k, and k, = constants for the particular conditions; and 
v = velocity relative to the undisturbed fluid. 

Now, for a given propeller with a fixed pitch and operating at a 
fixed slip ratio we could substitute N (the rotary speed) for v and 
use other constants so that Equations [34] and [35] become 


[36] 


and 


Substituting these values in Equation [31] we obtain 
L = (h + — [38] 
and therefore when (h — s) > 0 


oL 


and when (h — s) is 0 and constant 


oL 


wien 
ON [ J 


The clear implications of Equations [39] and [40] are that both 
in and out of cavitation 0L/ON is always positive and greater than 
0; although under cavitation conditions dL/0N is smaller than 
under noncavitation conditions. 

Since the forces producing thrust 7 and torque Q are merely 
components of L (corrected for skin friction) the implications of 
Equations [39] and [40] apply likewise to thrust and torque, so 
that the favorite explanation implies that both d7'/2N and 
0Q/0N are always positive and greater than 0, although reduced 
under cavitating conditions. 

It has been shown elsewhere (43) that if other things were equal 
the standard theories of propeller action all implied that 


where T = thrust; C = a constant; N = revolutions per unit 
time; and m = a positive constant exponent, usually taken as 2, 
but always positive. 
Therefore, the standard theories of propeller action imply that 
oT 
oN” 
Equation [42] has the same form as Equations [39] and [40], 
which merely means that the favorite explanation of the action of 
Propellers in cavitation follows the same form as the standard 
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theories of propellers not in cavitation. The only difference is 
that the constant C would not be the same under cavitating con- 
ditions as the constant which is used under noncavitating con- 
ditions. 

Without exception, every formally expressed theory the author 
has read or heard of contains these implications of Equations 
[39] and [40]. Notice that the value of 0L/ON being less in Equa- 
tion [40] than in Equation [39], it is proper under the implica- 
tions to state the frequently used expression “‘the thrust or torque 
decreased with increasing N due to cavitation” provided we keep 
in mind an implied qualifying clause necessary to make the state- 
ment precise, viz., “below the values which would have been ob- 
tained without cavitation.” 

Notice further that under the explanation so far given it would 
never be permissible to leave out that qualifying clause and boldly 
state: “the thrust and torque decreased with increasing N,’’ for 
this would imply that 07’/ON and 0Q/ON could sometimes have 
zero and negative values. But the T-N and Q-N curves discussed 
in section 2F of this paper show that such zero and negative 
values do actually occur. Therefore, an explanation which im- 
plies that they cannot occur must contain an error. 

It is highly improbable that this error in explanation could have 
persisted so long through the works of so many eminent writers 
had it not been for the almost universal habit of plotting propeller 
data in the form of thrust and torque coefficients (Cr and Cg) 
over slip ratio S. Such coefficients, valuable as they are, often 
prevent a clear apprehension of just what variations in thrust and 
torque are occurring, and plotting them only over S is very effec- 
tive in concealing variations which occur with changes of N. 
Similar difficulties can arise from the habit of plotting the so- 
called ‘‘polar curves” of coefficients with slip ratio or angle of at- 
tack written in as parameters. A further practice of plotting some 
dimensionless coefficient against Reynolds’ numbers, while useful 
in summarizing great masses of data, is almost equally effective in 
making it difficult to apprehend the actual variations which are 
occurring in the important units of measurement. It is for these 
reasons that the author has made such extensive use of plotting 
actual values of thrust and torque, and of plotting them over 
actual values, not only of slip ratio but also of rotary speed and of 
pressure. 

In spite of this, it is believed that a few writers have recognized 
that 7 and Q can actually decrease with increasing N, although 
recognition of that fact did not appear in their formal explana- 
tions. For example, both Saunders (11) and Baker (24) hint that 
the effects of cavitation are caused by a change in the “effective 
blade shape” or camber. Now the only way in which a cavity 
could change the camber of the blade would be to increase it, i.e., 
make the blade thicker. It has been shown repeatedly (28, 36) 
that increasing the camber (which involves increasing the thick- 
ness of the blade and decreasing the radius of curvatureof its back) 
reduces efficiency but increases the lift. Therefore, the only 
change in effective camber which cavitation might make would 
be to increase it, and while this might be expected to reduce 
efficiency (which actually happens in cavitation), it could not 
reduce the thrust and torque (which also actually happens in 
cavitation). If it did anything, it would increase the lift and con- 
sequently thrust and torque. Walchner (4) even states that at 
the very beginning of a cavity on the back near the leading edge 
he can detect a slight increase of lift, although a decrease occurs 
later. Therefore the suggestion that a cavity causes a change in 
effective camber and that this causes a reduction in thrust and 
torque must be rejected as an explanation. 

In oral discussions, the suggestion has been made to the author 
that boundary layer action might account for decreased lift with 
increased speed. Jacobs (44) shows that for an airfoil moving 
through air at low Reynolds’ numbers the “point of separation” 
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between “dead air” in the boundary layer and the flowing air 
creeps forward from the trailing edge as the Reynolds number in- 
creases, and consequently reduces the maximum-lift coefficient 
below the value it would have had if such boundary-layer action 
had not occurred. He further shows that with still further in- 
crease of Reynolds’ numbers, turbulence sets in, sweeps away 
part of the “dead air,” and from then on the maximum-lift co- 
efficient increases with increasing Reynolds’ numbers. With the 
same wing operating in the same medium the changes of Rey- 
nolds’ numbers would be directly proportional to changes of ve- 
locity and hence the changes in lift coefficient would vary with 
velocity in the same manner that they vary with Reynolds’ num- 
bers. It is not clear from Jacobs’ paper that the lift itself ever 
actually decreased as velocity increased in the manner that thrust 
and torque decrease in the case of a cavitating propeller. 

However, Prandtl (31) gives experimental evidence that the 
drag on a sphere or cylinder moving through a fluid increases with 
increasing velocity to a critical point, then decreases with further 
increased velocity, and finally increases again at a slower rate 
with still further increases of velocity. Prandtl explains this ac- 
tion satisfactorily by the boundary-layer theory. Now the shape 
of this drag-velocity curve is so similar tothe shapeof the T-N and 
Q-N curves that it seems plausible to explain the latter by the 
same boundary-layer theory—auntil the matter is examined more 
closely. 

First, in the phenomenon described by Prandtl (31) the inflec- 
tion in the drag-velocity curve, for a particular object and a par- 
ticular fluid, occurs at a definite velocity without regard to pres- 
sure so long as that does not affect the kinematic viscosity of the 
fluid. In the case of the T-N and Q-N curves the inflection occurs 
at a different velocity for every different pressure, and with 
sufficient pressure it disappears entirely. 

Second, the disturbance in the boundary layer always begins at 
the trailing edge and works forward with increasing velocity, 
until turbulence wipes it off in part. The disturbance due to 
cavitation never begins at the trailing edge and increasing veloci- 
ties do not reduce it. 

It should be noted most emphatically that all effects arising in 
the boundary layer are caused by loss of kinetic energy, i.e., de- 
creased velocity with resulting stagnation and eventually turbu- 
lence. The remedies are either to suck the troublesome boundary 
layer into the solid, or to supply the boundary layer with addi- 
tional kinetic energy, i.e., to increase its velocity. 

On the other hand, the troubles due to cavitation are not due to 
stagnation or too low a velocity but always occur in connection 
with too high a velocity at too low a pressure. Cavitation results 
from causes other than and radically different from those that 
cause a turbulent boundary layer. 

For these reasons we must reject the explanation that cavita- 
tion phenomena are due to action in the boundary layer. 

In searching for another possible explanation let F; = total force 
due to absolute pressure on pressure side of blade; F; = total 
force due to absolute pressure on suction side of blade; and Fo = 
total force which would exist on suction side of blade if F, were 
due only to vapor pressure. 

Then Equations [31] and [38], which express the “favorite ex- 
planation” could be written as 


This statement is obviously true. Since erroneous results are 
obtained by using it, an examination of the assumptions regard- 
ing F; and F; is indicated. Referring to Equations [31], [34], 
and [36] 


F, = (h + p) = (h + kyw*) = + [44] 
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The assumptions of Equation [44] are so well substantiated by 
the experiments of many people that within any operating condi- 
tion of a propeller they may be accepted as true. 

Therefore, there must have been an error in the assumptions 
regarding F;. These assumptions were: 

First, F2 is always positive. Second, F; has a lower limit equal 
to the total foree which would exist on the suction side of the 
blade were that side acted upon only by vapor pressure. Let this 
lower limit be called Fo. Third, F, remains constant after reach- 
ing its lower limit. 

Remove the restrictions and consider what might happen in the 
case of a propeller starting at a low rotary speed N, and then 
having N increased steadily until the propeller was in an advanced 
state of cavitation. The lift L would increase steadily with N 
until Fo was reached, and then, because we have moved, the first 
and second restrictions would continue increasing in the same 
manner until F; had considerable negative value, i.e., the water on 
the back of the blade would be in a state of tension. Suddenly 
the water columns under tension would rupture, a cavity would 
form, the tension disappears, only vapor pressure remains, F; 
rises from its negative value to equal Fo, and consequently the 
lift decreases. Before the rupture and formation of cavities the 


lift had been 
L 


| 


and since Pp is constant for any fixed temperature L begins to in- 
crease again with increasing N, but at a lower rate. 

For this explanation to be true (a) water must beable to transmit 
tension, and (b) it must actually be in a state of tension on the 
back of a blade shortly before cavitation occurs. It has been 
shown (16, 17, 18, 19, 20) that one of the definitely established 
foundations of fact and theory is that water, even when it con- 
tains dissolved salts and occluded gases, can transmit a tension of 


hundreds of pounds per square inch—which is more than ample | / 


to cover the case of any known marine propeller. In view of the 
fact and that this “tension hypothesis” can be used to ex- 
plain every observed fact in the operation of propellers passing 
through cavitation, the hypothesis is very enticing. 

But the question remains: Is water actually in a state of ten- 
sion on the back of a blade shortly before cavitation sets in’ 
Several facts make an affirmative answer highly improbable. In 
every experiment in which water was in a high state of tension the 
water was either stagnant or moving so very slowly that it must 
have been a case of pure potential flow. A small flaw, such ass 
bubble, in the tensile liquid spreads rapidly, almost instantane- 
ously ruptures the liquid column, and relieves the tension. Now 
it is almost, if not quite, impossible that any propeller was ever 
operated in a field of pure potential flow, or in a region entirely 
free from passing bubbles. 

However, the experiments of Ackeret (34) practically settle the 
question. He made a great number of observations on a fixed 
blade in the variable-pressure water tunnel at Gottingen. His 
reported observations indicate clearly that the pressure needed ‘ 
prevent cavitation is proportional to the impact pressure of the 
undisturbed stream, or to the square of the speed, and that as the 


impact pressure is decreased by lowering the water speed the ' 


pressure needed to prevent cavitation approaches the 72e™ 


(or the vapor pressure of water). These experiments indicating | 


that there is no appreciable negative pressure, or tension by the 
water on the blade, taken in conjunction with the remarks in the 
preceding paragraph are sufficient to warrant the rejection of the 
“tension hypothesis.” 
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B FORMULATION OF THE PROBLEM 


The discussion in the latter part of the preceding section 
makes it obvious that F,, the total force due to the absolute pres- 
sure on the suction side of blade (see Equation [43 ]}) is always posi- 
tive, and consequently has a lower limit. But the third assump- 
tion, that after reaching its lower limit F; remains constant, 
cannot be true, because if it were the zero and negative values of 
oT/ON and 0Q/ON found in the T-N and Q-N curves could not 
exist. 

Consider Equation [43], and what happens to L as F; and F; 
vary with rotary speed N. Partially differentiating with respect 
to N gives 


oN 


oN aN 


We know as a matter of fact, confirmed by the experiments of 
many men, that 0F;/ON is always positive. While F2 always re- 
mains positive OF;/ON can take negative, zero, and positive val- 
ues, 
The following table shows what happens: 


Condition OF./ON OL /ON 
(a) Negative Positive and large 
(b) Zero Positive and smaller 
(c) Positive and = OF ,/ON Zero 
(d) Positive and >0F;/ON Negative 
(e) Positive and <OF,/O0N Positive and small 


(between a and 5) 


Condition (a) represents the normal condition of a propeller 
operating under noncavitating conditions. Condition (b) repre- 
sents the condition when F, has reached its lower limit, and ac- 
cording to the disproved favorite explanation, makes no further 
change. Since the forces producing thrust and torque are com- 
ponents of L we know from the 7-N and Q-N curves that not only 
do conditions (a) and (6) occur, but also that (c) and (d) oecur. 
Condition (c) occurs when the thrust and torque reach maximum 
values; condition (d) occurs when thrust and torque are decreas- 
ing with increasing N; condition (c) recurs when thrust and 
torque reach minimum values; condition (b) recurs as thrust and 
torque start to rise again; and condition (e) may or may not occur 
at all (the experimental evidence does not cover sufficient range 
to establish that). 

The circulation, or vortex, theory explains condition (a) since 
it shows that normally the relative water velocity in the vicinity 
of the back of the blade is greater than the relative velocity in the 
undisturbed stream, and that this relative velocity near the back 
of the blade increases with increasing N. Consequently, the 
usual condition would be that 0F,/0N would be negative. 

The discussion in section 5A of this paper shows that F has a 
lower limit, and consequently explains the first occurence of con- 
dition (b) when dF2/0N becomes zero. , 

We know by the T-N and Q-N curves that conditions (c) and 
(4) certainly can occur, that condition (e) possibly may occur, 
and that condition (b) certainly recurs. Therefore the problem 
Which confronts us is: What physical actions account for these 
observed occurrences, i.e., what physical actions account for 
oF ,/ON becoming positive and later passing through zero? 

These odd occurrences happen only when cavitation can be ob- 
Served to exist. Consequently, it can be asserted that cavitation 
is the cause. But how can cavitation cause these effects? That 
is the real problem. Since burbling cavitation and laminar cavi- 
tation are so different the answer to this question will be discussed 
in two separate sections following. 
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C Rerarpinc Action AND Impact Forces oF BURBLING 
CAVITATION 

If dF,/ON is ever to become zero or positive, then F:, after 
reaching some minimum value must increase. 

Many times, while observing the early stages of burbling cavi- 
tation with the Edgerton stroboscope, the author has been able 
to identify some particular bubble among the few then existing 
and notice that it moved comparatively slowly across the blade. 
Since the observation of the blade was by flashes of light lasting 
about five-millionths of a second per revolution, this meant that 
the bubble clung to the blade for several revolutions. Conse- 
quently, the bubble was not moving relatively to the blade with as 
high a velocity as the undisturbed water. 

However, such evidence is not very satisfying as one often has 
to observe for hours before he can be sure he is identifying any one 
bubble, and in the advanced stages of burbling cavitation such 
certainty does not exist. Nevertheless, this evidence was useful 
for it led to a search of the literature of marine propulsion to dis- 
cover whether or not anyone had ever made a slow-motion picture 
of burbling cavitation which would serve as confirmation of these 
visual observations and carry them on into the case of advanced 
cavitation. 

Mueller (37) made such slow-motion pictures at the rate of 
2000 exposures per second and in them the formation, growth, 
travel, and collapse of individual bubbles can be traced very ac- 
curately. When the water velocity in the undisturbed stream 
was 6.5 meters per second the velocity of the bubbles was 4.5 
meters per second. This is definite confirmation of the observa- 
tion that the velocity of the bubbles is less than the velocity of the 
undisturbed water, and consequently still less than the velocity 
which would exist on the back of the blade were there no bubbles. 
It cannot be stated, or even expected, that the water flowing be- 
tween the bubbles is as slow as the bubbles. But considering 
fluid viscosity, it can be stated that a mass of such slow-moving 
bubbles on or near the back of a blade would exert a retarding ac- 
tion on the water flowing in contact with that blade. When the 
velocity of a stream of water is retarded, its static pressure rises. 
Consequently, the retarding action of the bubbles would cause an 
increase of F>. 

It can easily be observed that many, if not most, of the bubbles 
collapse before passing the trailing edge of the blade. As a matter 
of theory, the collapse of a bubble should produce a water ham- 
mer and momentarily raise the pressure in the immediately sur- 
rounding fluid. As a matter of experimental fact, Féttinger 
points out that it does (45): ‘After short intervals of flow, the 
individual cavities collapsed with hard cracking in parts, which 
shook the entire tube, and even caused intensive increases in the 
pressure readings on a spring manometer connected with the noz- 
zle. (Several atmospheres.)”’ 

The experiments of Ackeret (2) are even more definite. Ac- 
keret made direct pressure measurements of the individual impacts 
due to collapsing bubbles. He used a piezoelectric arrangement. 
A piston of 2 mm diameter transmits the pressure to the quartz 
(of the piezoelectric apparatus), increases the electric charge on 
this, and makes a record on an oscillograph. Each time a bubble 
collapsed over the piston the pressure rose from 10 to 15 fold. 

With pressure increases of such an order it is obvious that when 
bubbles are collapsing in rapid succession in the area of a burbling 
cavitation field that the average pressure in that area will exceed 
considerably the pressure in water at similar velocities but with- 
out the collapsing bubbles. This increase in pressure would of 
necessity raise F; above its minimum. 

We can now understand how, as the burbling cavitation starts 
and spreads over the blade, the value of 0F./0N changes from its 
original negative values through zero, to positive—and further 
that when burbling cavitation had covered the complete back of 
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the blade it could exert little, if any, additional effect (as the addi- 
tional bubbles would then be collapsing well astern) and dF:/0N 
would approach zero a second time. 

There is no a priori reason for asserting that 0F:/O0N would ever 
equal or exceed OF,/ON; but from the a posteriori reasons that 
experiments show that in advanced stages of cavitation 0L/0N 
becomes zero and negative we know that this is true. 

Therefore, the theory is stated that: Burbling cavitation re- 
duces thrust and torque because its retarding action on the flow 
over the back and the impact forces of collapsing bubbles on the 
back increase the pressure on the back of the blade faster than in- 
creased revolutions increase pressure on the face of the blade. 


D Laminar CavitaTION INCREASES TOTAL PRESSURE BY 
VorTEXx ACTION 


It is a well-known fact that, due to surface tension, the pressure 
inside a bubble, or cavity, in a fluid is slightly in excess of the pres- 
sure immediately outside; but, since this excess pressure varies in- 
versely as the radius of the cavity it may be asserted that the pres- 
sure in a laminar cavity cannot be sensibly different from vapor 
pressure. 

Consequently, if the laminar cavity were in contact with the 
back of a propeller blade, the pressure on that area would equal 
vapor pressure; and, when the cavity covered the entire back of 
the blade, F; would be at its minimum value and remain constant 
with further increases of N. In short (see discussion in section 
5B), 0L/ON could never become zero or negative in the case of 
laminar cavitation. But the T-N and Q-N curves show that even 
in completely laminar cavitation 07/0N and 0Q/dN, and there- 
fore 0L/ON do in fact reach zero and negative values. Since these 
phenomena could not occur if the laminar cavity were in contact 
with the back of the blade, it may be asserted that a laminar cav- 
ity is not in contact with the back of a blade. 

Sections 4F to 4I, inclusive, presented theoretical and experi- 
mental evidence to show that a laminar cavity is the center of a 
vortex, and that the cavity itself is not in contact with the blade 
but is separated therefrom by the liquid wall of the vortex. The 
mathematical theories of fluid motion are not yet far enough ad- 
vanced to calculate with precision the pressure distribution 
around a vortex as complicated as that originating, for example, 
at a propeller tip; particularly, with the complication which 
arises when the central region of the vortex is a vapor-filled bub- 
ble so that we are dealing with two fluids (see section 1D). 

A mathematical solution has been obtained, however, for the 
pressure distribution around a rectilinear vortex in a single fluid. 
A study of this solution will enable us to predict with sufficient 
qualitative accuracy the effects which the more complicated vor- 
tex will have on a propeller when laminar cavitation results. The 
mathematical solution for the pressure distribution in the neigh- 
borhood of a rectilinear vortex in a single fluid is given by Prandtl 
(39) as 


where p = pressure at any finite point; P> = pressure at “‘infin- 
ity;’ r = radius of p from center of vortex; [ = circulation 
around vortex; and p = density of fluid. Thus, the pressure in- 
creases radially outward from the center of the vortex, although 
the rate of increase becomes very small at a short distance from 
the center. 

Qualitatively, at least, this statement must be true for our 
more complicated vortex surrounding a laminar cavity. Note, 
however, that since the pressure throughout the cavity must be 
sensibly equal to vapor pressure, the pressure rise in the liquid 
vortex must begin with the walls of the cavity. In other words, 
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measurement of r begins at the walls of the cavity and not at the 
mathematical axis of the cavity. 

To understand what happens consider a propeller such as No. 
1283-A (see sections 2D and 2G) being run at constant revolutions 
and slip ratio, while the pressure head on the propeller is being 
varied as when 7-H and Q-H curves in Fig. 12 were obtained. 
An anchored vortex practically paralleling the leading edge 
extends from near the root of the blade to the tip and then trails 
astern. The vortex can be rendered visible as described in section 
4H of this paper. 

Beforecavitation starts the axis of this vortex is merely a mathe- 
matical line of low pressure about which the water particles are 
traveling in more or less helical paths. For a short distance from 
this line the pressure rises rather rapidly, and thereafter much 
more slowly until it would hardly affect pressure gradients at a 
short distance from the axis. Consequently, the vortex would 
not sensibly affect the region of greatest suction (approximately 
at the point of tangency, sections 4B, 4C, and 4D). 

After cavitation starts the line of low pressure becomes a tube 
of low pressure, which is the long tubular cavity forming laminar 
cavitation. The pressure increase starts from the walls of this 
cavity. Consequently, as the cross-sectional area of the cavity ex- 
pands (with constant vapor pressure inside) and spreads over the 
back of the blade, the walls of the cavity carry with them their 
region of higher pressures and disturb the pressure gradients 
which otherwise would have permitted regions of low pressure on 
the back of the blade. The spreading of the relatively higher 
pressure which surrounds a vortex over a greater area of the back 
of the blade would increase the total force F; on the back and 
hence decrease the lift L. 

Since laminar cavitation spreads with increase of rotary speed 
N as well as with decrease of pressure in excess of vapor pressure 
H, we can expect (and actually observe as shown in Fig. 4) effects 
which follow an increasing N to be similar to those which follow 
a decreasing H. 

Using the same notation as in the preceding sections, as laminar 
cavitation spreads over the back of the blade, the value of dF 2/0. 
changes from its original negative values through zero, to positive 
and, when laminar cavitation covers the complete back of the 
blade, it would exert little, if any, additional effect and therefore 
oF,/ON approaches zero a second time. 

As in the case of burbling cavitation, there is no a priori reason 
in the case of laminar cavitation for asserting that 0F;/ON would 
ever equal or exceed dF,/O0N. However, from the a posterior 
reasons experiments show that in advanced stages of cavitation 
oL/ON becomes zero and negative we know that this is true. 

Thus the theory is stated that: Laminar cavitation reduces 
thrust and torque because the laminar cavity is the center of 3 
vortex surrounded by a region of relatively higher pressure, and 
as this cavity spreads over, but not in contact with, a blade, it 
carries this region of relatively higher pressure with it, disturbing 
the usual pressure gradients, and increasing the total force on that 
side of the blade. 


E Reasons SurFicient To Wuy Cavitation 
Repuces TuHrust aNp TorQqUE 


In section 2F it was shown that in the case of a given propeller, 
operating at a constant slip and under a constant pressure, 35 N 
increases T' and Q increase at first, then decrease, and finally in- 
crease again more slowly. Plotting the data gives a double in- 
flection to the T-N and Q-N curves. These data are experimental 
facts. They require an explanation. 

There have been examined, suggested, and conceivable explana- 
tions; and one by one reasons have been found for rejecting them. 
until the writer developed theories of his own to cover the case 
of burbling and of laminar cavitation. These theories explain the 
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facts by concepts whose perceptual equivalents have been ac- 
tually disclosed and since ‘‘we are to admit no more causes of 
natural things than such as are both true and sufficient to explain 
their appearances”’ it is believed that these theories not only give 
sufficient reasons to explain why cavitation reduces thrust and 
torque, but also that they comply fully with Isaac Newton’s 
“Rules of Reasoning”’ (46) and Pearson’s “fundamental canon of 
the scientific method”’ (47). 


F Reasons EXPLAIN THE NEGLIGIBLE EFFECT OF FACE 
CAVITATION 


It has been observed repeatedly that face cavitation, i.e., cavi- 
tation on the pressure side of propeller blades, has little or no per- 
ceptible effect on propeller performance (48). In view of the 
marked effect of cavitation on the suction side of the blade, this 
seems astonishing until we consider the explanations. It was 
shown that both burbling and laminar cavitation increased the 
total absolute force on the side of the blade on which they occurred. 
Therefore, on the pressure side of a blade, as the pressure 
declined in any area to a degree permitting cavitation, the harm- 
ful effect on lift would be more or less offset by the increased 
forces caused by cavitation. In view of this, and in view of the fact 
that face cavitation usually occurs in only relatively small areas 
it is easy to understand why the effects of face cavitation on pro- 
peller performance are negligible. Thus the same theories which 
explain why cavitation on the suction side reduces lift, also ex- 
plain why cavitation on the pressure side has very little effect on 
lift. 
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Metallurgical Aspects of Hot and Cold Strip 


for Deep-Drawing Requirements 


By J. E. ANGLE,' GARY, IND., ano W. F. MCGARRITY,? PITTSBURGH, PA. 


It is the purpose of this paper to give a brief but specific 
discussion of the basic underlying metallurgical features 
of hot and cold strip. Recrystallization in hot rolling, 
effects of finishing temperatures on the grain structure 
and properties of hot strip, effects of hot and cold coiling, 
and information regarding forming and drawing qualities 
of hot strip are discussed. Operating features and limita- 
tions are pointed out. Cold-strip processing, together 
with physical properties and other requirements for deep- 
drawing work are outlined. 


ROBABLY the most important advancement in the sheet in- 
Pisses in this century is the development of the broad-strip 

rolling process. Compared with the arduous task of making 
sheets and tin plate by the older hand method, these new mills, 
with much less effort, can roll steel of considerably higher quality. 
This method of sheet manufacture has advanced the economical 
production of the streamlined, all-steel automobile. 

By reason of the superior drawing qualities resulting from the 
process, articles are being made from one piece of steel which for- 
merly were welded or fabricated, and the high finish which can be 
secured with cold reduction has made it possible to plate steel 
with nickel or chromium without buffing or polishing. Where 
half a dozen coats of paint formerly were required on automobiles 
and furniture, one or two coats are now sufficient. 

Many new problems, however, have presented themselves to 
the strip manufacturer, and particularly to the metallurgist. 
While there is nothing particularly abstruse or profound about 
hot- and cold-strip metallurgy in its usual aspects, it may seem 
somewhat foreign to the steel-mill metallurgist who is engaged in 
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other fields. The purpose of this paper is to give a brief discus- 
sion of the basic underlying metallurgical features of hot and cold 
strip. 

At present, deep drawing hot-rolled strip and cold-rolled strip 
are made almost exclusively from open-hearth rimmed steel 
ranging from 0.03 to 0.10 per cent carbon, 0.20 to 0.50 per cent 
manganese, with phosphorus and sulphur as low as possible, and 
with only a trace of silicon. Good open-hearth practice is of the 
utmost importance in successfully meeting the exacting ductility 
requirements that the design of modern deep stampings demands. 
Cleanliness and freedom from harmful segregation and lamina- 
tions are vital, as dirt stringers and inclusions in such thin mate- 
rial will often cause fractures during drawing. 

The analysis of the steel will vary for different jobs. For large 
deep stampings, it is usually desirable to ship as soft a sheet as 
possible to avoid wrinkling in the dies, and, in such cases, the car- 
bon and manganese are held to the lower side of the range. Other 
stampings are best accomplished with a tough, fine ferritic-grain 
steel, in which case the carbon and manganese are specified to- 
ward the high side of the range. Regardless of use, however, it 
is always desirable to hold phosphorus and sulphur to a minimum 
for the sake of ductility. 


RECRYSTALLIZATION IN Hot ROLLING 


The microstructure of some of the material produced on a con- 
tinuous hot-strip mill resembles that pictured in Fig. 1. Espe- 
cially is this the case when the material is relatively light in gage 
(0.093 gage) and when it has been finished at a temperature just 
under the A; point. It is not a particularly good structure, and 
disregarding its possible effect on the subsequent cold-rolled and 
annealed grain structure, if the material is for cold rolling, it is 
definitely not as desirable as an even, well homogenized structure. 

Such a structure is caused primarily by two factors, which are, 
segregation, and the amount of reduction the material receives at 
a certain temperature in the last stand. There are others to be 
sure, and these have some effect on the finished product, but they 
do not seem to be as important, and cannot be so well measured, 
as the two factors previously mentioned. 

The method of loading the mills has a great deal to do with this 
final ferritic grain size, for, with certain reductions on the last 
stand in a particular temperature range, excessive grain growth 
will occur. Thus, in hot rolling, a similar critical grain-growth 
range exists as in cold rolling. This critical growth range is de- 
picted in a three-dimensional diagram in Fig. 2. The peaks in 
this diagram represent exaggerated grain growth. 

While the diagram will be found to have been derived from data 
on single-stand rollings (4),* still, the basic principle has been 
found to apply also on the continuous-strip mills. 

In 1913 and 1916, P. Oberhoffer (1, 2) carried out experiments 
dealing with the effects of forging at different temperatures on the 
ferritic grain size. Hanemann and Lucke (3) constructed a quite 
complete three-dimensional diagram for the effect of forging upon 
the grain size. However, since it was felt that the grain size, 
following recrystallization, depended upon the strains in the 
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material, and since rolling left strains which were different from 
forging, Tafel, Hanemann, and Schneider (4) undertook to study 
the effect of hot rolling on recrystallization. They found the dia- 
gram for hot rolling to be different from that obtained for forging. 
Also, it was concluded that the initial grain size had nothing 
whatsoever to do with the final grain size. Instead, it was really 
the reduction in area and temperature of the last pass which de- 
termined the final grain size, with the change in structure due to 
previous passes exerting no influence. 

The reduction in the last pass on a hot-strip mill is usually not 
within the particular critical range herein described as it is more 
often around 9 to 15 per cent, depending on the condition of the 
rolls before the last stand, the width of strip, and the gage being 
rolled. Nevertheless, the surface layers of the strip are often pro- 
jected into the critical grain-growth range when rolled under A; 
by the amount of cold work on the surface, the spontaneous self- 
annealing giving rise to the recrystallized coarse surface grain ap- 
pearing in Fig. 1. Segregation in the center of the strip has pre- 
vented grain growth in that region. 


= 
Fic. 1 Typicat Structure or Hor Srrip FINIsHeD WITHIN CRITI- 
cat Rotuinc Rance X100 


In the absence of marked center segregation, and when the re- 
duction and temperature have been such as to be outside of the 
critical range applying to continuous mills, similar to but not the 
same as Fig. 2, an equiaxed, medium-sized grain can be obtained 
(Fig. 4) at temperatures below the A; point. It is well known 
that strip which has been finished above its A; point will exhibit 
smal] normalized grains, their ultimate size depending upon the 
temperature and rate of cooling. 

In aetual practice the microstructure of hot strip varies as fol- 
lows: If finished above Az, as the steel enters the last stand, the 
strip will consist of small normalized grains (Fig. 3). As the fin- 
ishing temperature drops slightly below this point for a low- 
carbon steel, the percentage of reduction being suitable, a radical 
change in structure suddenly becomes apparent. Instead of the 
small normalized grains, coarse surface grains, or large grains 
throughout, are found; pebbly Olsen buttons are observed, and 
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the Rockwell value drops to below 48 B. However, it is quite 
fortunate that beneath this critical range, with a suitable percent- 
age of reduction, is a range where the greatest proportion of strip 
will consist of quite desirable, soft, medium-sized grains, having 
hardness values of approximately 50 to 56 B. For deep-drawing 
hot-rolled sheets, where finishing temperatures above Ay, are not 
possible, material finished in such a manner has performed quite 
successfully. 

It might be pointed out, however, that strip without such an 
ideal hot-rolled structure, and with higher hardness values than 
are considered desirable, often has performed drawing operations 
which were not considered by many to be possible. Where 


70000, 
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RECRYSTALLIZATION OF LOW-CARBON STEEL AFTER Hor 
ROLLING (4) 


Fig. 2 


Fic. 3 TyprcaL Srrucrure or Srrip FinisHep Apove 1600 F 
100 


extra-deep-drawing qualities are required, such strip should be 
normalized. 

When heavier gage material, around 0.135 gage, is finished 
above the upper critical range, the hardness is appreciably it- 
creased over that which would normally be obtained if the strip 
were finished slightly under this range. Hardening in this cas 
is due both to the refinement of the grains upon passing A; and the 
rapid cooling through the critical range, which affects the form of 
pearlite. For deep-drawing work, regardless of the slightly 
higher Rockwell values, this homogeneous material is considered 
best. 

Certain operating limitations make this rather high finishing 
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temperature difficult to maintain. Chief among them is the for- 
mation of a so-called “heat pattern” on the surface of the strip, 
which, if neglected, will break into rolled-in scale. Appearing at 
first as a mottled design along one portion of the strip, unless the 
temperature is dropped, or several rolls in the finishing train are 
changed, the mottled design spreads across the width of the strip 
until the whole surface is covered, and later becomes much deeper 
in effect, resulting in rolled-in scale, with surface pitting. When 
finishing at higher temperatures, however, besides obtaining more 
uniform physical properties in the strip, less power is consumed, 
the strip is easier for the speed operators to handle, and the 
crown on the rolled material is decreased. Needless to say, too, 
production can be kept at a high rate. 

In the application of the three-dimensional diagram of Fig. 2, 
it should also be realized that other factors limit the percentage 
reduction on the finishing stand. With too great a reduction, the 
proper shape of the strip cannot be attained, the possibility of 
stretching between the last two stands is increased, and excessive 
gage variations may result. 


Hor anp CoILIne 


Considerable discussion is heard regarding the effect of coiling 
strip hot and coiling strip cold, especially on wider strip mills. 
In the authors’ experience, the effects of hot coiling are not great, 
as far as the microstructure is concerned, unless the strip is over 
approximately 0.083 gage, the coiler quite close to the finishing 
stands, or the coil extremely heavy. A slight coarsening effect 
may take place, but the structure is fairly well fixed as it comes 
out of the last finishing stand, and the cooling is so relatively 
rapid, both as the strip progresses down the run-out table and 
while in the coil, that little annealing is possible. The annealing 
which does take place, however, affects the vield point more than 
anything else, and tends to coagulate the carbides. Material 
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Fic. 4 Srrucrure or Strip Fintishep BELOW As, OUTSIDE 
or Critica, Rance X 100 


coiled cold will be found in general to have a proportionally 
higher elastic ratio than material coiled hot. There is some dan- 
ger of grain growth in hot-coiled material which possesses a duplex 
structure ( i.e., fine and large grains), although for the light gages, 
unless coiled very hot, this growth is not considered to be serious. 

The use of water on the run-out table to cool the hot strip is 
excellent practice for strip which will be subsequently cold-rolled 
and annealed. Quenching tends to assist in the recrystallization 
of cold-rolled strip, and after annealing, apparently makes for 
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smaller grains with well-dispersed carbides. Quenching by water 
will tend to show quite angular grains in the microstructure of 
material finished above A;. On material finished under As, it is 
considered as a safeguard against possible grain growth in the coil. 


Skin Passina, Its Errect oN HARDNESS 


For flattening hot-rolled strip, a two-high skin mill is often used 
in conjunction with roller levelers. With such a mill, only small 
amounts of reductions are effected per pass. Reductions of more 
than 0.003 in. are seldom accomplished, the precise reduction 
varying with the width of strip, the composition, and the grain 
structure (i.e., ease of deformation) of the metal. 

If the material has a fine ferritic grain, it will have a tendency 
to harden much more than coarse-grain strip with the same 
amount of reduction. With a reduction of 0.003 in. for a low- 
carbon, medium-width strip, say 30 in. wide, and 0.130 gage, the 
hardness increase will be approximately three points, Rockwell 
B seale. For a lighter gage (e.g., 0.049 in.), and wider strip, 
the increase in hardness often amounts to six or eight points, pro- 
viding the structure is fine. 


Tue Heat-TREATMENT OF Hor Srrip 


As mentioned previously, when extra-deep-drawing qualities are 
desired from light-gage material which was not finished on the 
mill in such a way as to obtain a normalized structure, a normaliz- 
ing treatment must be applied. Likewise, to soften and improve 
the properties of strip finished above A;, a normalizing treatment 
is frequently given the material. When strip, finished off the 
mill in this latter manner, is normalized, the originally small, 
even, normalized grains become uniformly larger, the general 
increase in grain size depending upon the temperature and speed 
of normalizing and also on the rate of cooling. At the same time 
and proportionally to these factors, the material becomes softer, 
the yield point is lowered, and the elongation increases. The ten- 
sile strength does not change appreciably, regardless of the speed 
of normalizing. 

When strip or sheets which have been finished on the mill in 
such a way as to have a duplex structure similar to that of Fig. 
1 are normalized, the large surface grains are reduced in size, and 
the fine interior grains increase in size, so that across the sheet a 
practically homogeneous ferritic grain size is obtained. 

Normalizing, however, unless a suitable furnace atmosphere is 
maintained, produces a heavy loose scale which is particularly 
detrimental to die life. Also, where the formed or drawn part is 
later to be painted or lacquered, a normalized sheet without the 
scale removed cannot be used for exposed parts. Hence, for these 
purposes, pickling the normalized sheet or strip is imperative. 

For the softening of hard strip where no pickling is allowed, a 
box anneal is highly desirable. This treatment is carried out at a 
relatively low temperature, as serious grain growth can be en- 
countered even for short soaking periods, at high temperatures. 


Hor Srrip to Srrip 


It has been known for some time that, given sufficient cold re- 
duction, strip can be recrystallized into small or medium-sized 
equiaxed grains by a box anneal alone. With the older-type two- 
high cold-reduction mills, the amount of cold reduction was so 
slight that a normalizing treatment had to be inserted in the proc- 
ess to avoid serious grain growth upon annealing (5). With 
strip made from four-high tandem cold-reduction mills or other 
mills which effect heavy reductions in a number of passes normal- 
izing has been done away with almost completely. 

The effect of cold reduction is to break up and destroy the hot- 
rolled grain structure by elongating the grains, Fig. 5. Natu- 
rally, a considerable hardening results from the cold-working, and 
the low-carbon cold-reduced strip usually leaves the mill with a 
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hardness of about 95 Rockwell B. During the cold-working, the 
rate of hardening is quite rapid at first, then the rate decreases 
gradually approaching a maximum value. A difference of 10 
points Rockwell in the hot-rolled strip may resolve to a difference 
of as small as one point after sufficient cold reducing. 

When reductions totaling some 50 to 65 per cent are effected 
in these wide four-high mills, with the strip becoming continually 
harder, pressures of from one to two million pounds per screw are 
necessary to secure the reductions. Obviously, such pressures 
place a tremendous strain on the bearings, and these can be one of 
the most expensive items of cost on either a tandem or reversing 
mill. 

Given this amount of cold reduction, cold-rolled strip can be 
recrystallized most conveniently by box annealing at temperatures 
of 1200 to 13880 F. Even at much lower temperatures, recrys- 
tallization will take place, but the time required for its completion 
is excessively long. Box-annealing practices may be divided 
arbitrarily into two general classifications, either one or the other 
being used in the cold-strip process, with preference depending 
upon individual plant supervision. They are: (a) box annealing 
above the A; point (1330 to 1380 F approximately), and (b) box 
annealing just below the A; point (1200 to 1330 F). Each has 
its advantages, the former chiefly in the rapidity of the anneal; 
the latter in the retention of smaller grains and the absence of 
sticking. 

In general, for various deep-drawing applications, the Rock- 
well hardness of the annealed strip will vary between 40 and 50 B, 
depending upon the composition of the steel, the grain structure of 
the hot strip, and the annealing cycle. The A.S.T.M. ferrite 
grain size will fall between No. 6 and No. 8, and will consist on the 
whole of quite uniform and equiaxed grains, Fig. 6. The ten- 
sile strength will be about 45,000 lb per.sq in. yield point about 
27,000 Ib per sq in., and elongation in the standard 2 in. x 0.500 
in. sheet-test specimen of from 35 to 40 per cent with strip 0.0375 
in. thick. The character of the yield point is quite interesting. In 
general, a uniform stress-strain rate will persist to perhaps 28,000 
lb, whereupon plastic deformation will begin. Usually, the yield 
point will then drop as much as a thousand pounds, while consid- 
erable elongation occurs. Then, the steel will harden again, and 
the strength will increase to the breaking point. This elongation 
at the yield point has been shown to be closely related to stretcher 
straining (6, 7,8,9,10,11). It appears that under tension, steel 
of this sort does not yield uniformly, but that blocks of crystals 


Fig. 6 Typicat Cotp-ROLLED AND Box-ANNEALED STRIP FOR AUTO 
MOBILE SHEETS 


give way as if they were weaker than their companions. After 
elongating slightly, not over 10 per cent, there has been sufficient 
work hardening to increase their strength to that of the rest of the 
section. The slippage of these blocks of grains shows up on the 
surface of the steel in lines of depression termed stretcher strains 
After more elongation has taken place, they will pull out the re- 
mainder of the metal and therefore disappear. In shallow 
stampings, where the steel is not elongated over 10 per cent thes: 
lines will be evident and usually objectionable. 

Curiously enough, the slight strain or set imparted to the stee. 
by as little as 1 per cent elongation in temper rolling is usually 
sufficient to eliminate this tendency, at least temporarily. It is 
thought that the slight cold working fills the grains of the sheet 
with slip planes, enabling it to stretch evenly. This is demon- 
strated quite clearly by the stress-strain diagram of a tensile 
test. Where before temper rolling there was a pronounced halt 
at the yield point, there is none after sufficient temper rolling, the 
curve being smooth to the breaking point. 

The other physical tests show little change after 1 per cen‘ 
temper rolling. Rockwell-hardness values may increase 1 or 2 
points, the Olsen cup is generally the same, and the per cen 
elongation and tensile strength undergo very little change 
when tested within a day of temper rolling. 

However, what both producers and consumers of cold-rolle: 
strip steel have learned through experience is that an aging pro'- 
ess begins immediately after the work hardening produce: by 
temper rolling. The cold working evidently places the steel! in a: 
unstable condition, and there is a continual tendency to revert © 
the original or stable state (12). Unfortunately, the tendency © 
stretcher strain returns, while the hardness, yield point, and te2- 
sile strength increase, with the ductility suffering at the -am* 
time. Depending upon the atmospheric temperature at whic 
the steel is held, complete aging may occur in several weeks or 
several months. It can be tremendously accelerated by boilins 
in water or heating in oil at 400 F where it will age in « fe® 
minutes. 

Where rather large stocks of cold-rolled sheets must necessar! 
be carried, with some delay between their arrival and use, 0*® 
the producer and the manufacturer have greatly benefited by th 
installation of roller levelers at the point where the sheets are 
be used, since the effect of aging, as manifested by a return © 
stretcher straining, is greatly reduced or completely eliminated 5Y 
this processing. 
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Cooperative Creep Tests on 0.35 C Steel K20 
at 850 F and 7500 Lb per Sq In. 


By C. L. CLARK,' ANN ARBOR, MICH. 


the Joint Research Committee on Effect of Temperature 
on the Properties of Metals covering both short-time tensile 
and creep tests at elevated temperatures. Last year a report? 
was submitted by Subcommittee D of Committee 3 setting forth 
the results obtained by several laboratories from short-time tensile 
tests at 850 F on a 0.35 per cent carbon steel designated as K20. 
The present report, which should be considered as one of 
progress rather than as a final one, pertains to results obtained 
from creep tests on this same steel, at 85C F under a stress of 
7500 Ib per sq in. The procedure recommended in the tentative 
standard was followed and the steel, which was from the same 
heat as that used for the short-time tensile tests, is believed to 
be as uniform as can be obtained on the basis of present knowl- 
edge. 


A.S.T.M. Standards have been prepared by 


—— 


Fic. Curves OBTAINED BY E1GHT CooprERAT- 
InG LaBoraTorigs, 850 F, 7500 Lp per Sq IN. STRESS 


An open invitation was extended to all laboratories to cooperate, 
and nine requested material for tests. Eight of these nine 
laboratories have submitted their findings and the ninth has 
indicated that results will not be forthcoming. The eight co- 
Operating laboratories, arranged alphabetically, are Babcock and 


‘Research Engineer, Department of Engineering Research, 
University of Michigan. Mr. Clark received the degrees of B.S. 
in chemical engineering in 1925, M.S. in 1926, and Ph.D. in 1928, 
from\the University of Michigan. He has specialized in metallurgy 
and has served in the department of engineering research at the 
University of Michigan since 1928. 

*“Short-Time Tensile Tests at 850 F of the 0.35 Per Cent Carbon 
nay K20,” Trans. A.S.M.E., vol. 58, 1936, paper RR-58-4, 
Pp. 97-101, 

Contributed by the A.S.M.E.-A.S.T.M. Joint Research Committee 
on the Effect of Temperature on the Properties of Metals, Sub- 
committee E of Committee 3, and presented at the Annual Meeting 
of Tae American SocieTy of MECHANICAL ENGINEERS, held in New 
York, N. Y., November 30 to December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1937, for publication at a later date. 

‘scussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Wilcox, Battelle, Bethlehem, Crane, General Electric, Midvale, 
University of Michigan, and U. S. Steel Research. 

The actual time-elongation curves submitted are set forth in 
Fig. 1. The laboratories are designated with numbers but these 
do not correspond to the alphabetical listing. It is to be noted 
that in seven cases the initial deformation obtained upon the 
application of the load is included while in one case it is not. 


TABLE 1 PLASTIC DEFORMATIONS OBTAINED BY 
COOPERATING LABORATORIES AT DESIGNATED 
TIME PERIODS 
(Steel K20 [0.35 C] at 850 F, 7500 lb per sq in. stress) 
Deformation, per cent, as by ingen laboratories 
r 2 3 


1 4 7 8 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
250 0.092 0.096 0.100 0.116 0.108 0.085 0.076 0.065 
500 0.136 0.144 0.125 0.136 0.132 0.118 0.114 0.095 
750 0.166 0.179 0.165 0.161 0.175 0.147 0.139 0.114 
1000 0.202 0.209 0.180 0.187 0.213 0.175 0.164 0.131 
1500 0.253 0.257 0.240 0.237 0.241 0.221 0.201 0.161 
2000 0.298 0.300 0.275 0.287 0.276 0.260 0.238 0.190 
2500 0.336 0.340 0.320 0.338 0.323 os 0.274 0.210 
3000 0.382 0.359 0.388 eee 0.219 


TABLE 2 CREEP RATES OBTAINED BY COOPERATING 
LABORATORIES AT DESIGNATED TIME PERIODS 


Creep rate, per cent per 1000 hr, as obtained by indicated— 


Time period aboratories 

hr 1 2 3 4 5 6 7 8 
250 0.232 0.244 0.150 0.206 0.158 0.158 0.162 0.156 
500 0.160 0.160 0.135 0.131 0.146 0.140 0.121 0.100 
750 0.125 0.121 0.120 0.100 0.120 0.112 0.099 0.077 
1000 0.125 0.114 0.088 0.100 0.120 0.103 0.077 0.067 
1500 0.097 0.094 0.066 0.100 0.090 0.083 0.075 0.057 
2000 0.090 0.086 0.066 0.100 0.090 0.075 0.073 0.056 
2500 0.082 0.078 0.066 0.100 0.090 aes 0.072 0.027 
3000 0.082 0.066 0.100 eae acon 0.019 
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Fic. 2 RANGE or CrEEP-RaTE VALUES 
OBTAINED BY COOPERATING LABORATORIES 


From curves of this type both the total plastic deformation 
and the creep rates at indicated times can be obtained. Table 1 
shows the plastic deformations obtained by the various labora- 
tories at the indicated time periods. In order to make the results 
from all eight laboratories comparable the initial deformation, 
occurring upon the application of the load, was not considered. 
The deformations are expressed in per cent and it will be noted 
that at 250 hr the maximum range is from 0.065 to 0.116 per cent 
while at 2000 hr, the range is from 0.190 to 0.300 per cent. 
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Table 2 shows the creep rates obtained by the cooperating 
laboratories at the designated time periods. The creep rates are 
expressed in per cent per 1000 hr and are defined as the tangents 
to the curves at the indicated time periods. The range in these 
values can best be seen from Fig. 2 which shows the same results 
graphically. Since the results obtained from laboratory 8 were 
consistently lower, their values are indicated by a separate line 
rather than by inclusion in the general range. It will be noted 
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that the range in the creep rates tends to decrease with increasing 
time and at 2500 hr the total range, for seven of the eight labora- 
tories, is from 0.066 to 0.100 per cent per 1000 hr. 

In evaluating these results it cannot of course be assumed that 
all of the material possessed exactly the same creep resistance. 
Certain of the available information indicates that not only may 
variations in the creep resistance exist in different heats of the 
same analysis but also in different portions of the same heat. 
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Long-Time Creep Tes 


This paper, submitted under the sponsorship of the 
Joint A.S.T.M.-A.S.M.E. Research Committee on Ef- 
fect of Temperature on the Properties of Metals, is a 
report on long-time creep tests now in progress on water- 
quenched 18 per cent Cr, 9.5 per cent Ni, 0.067 per cent 
C steel K19 at 1200 F and on an annealed 0.35 per cent 
C steel K20 at 850 F. 

One test on the K19 steel loaded to 8345 lb per sq in. 
at 1200 F was discontinued at 11,467 hours and a second 
test has now progressed to 15,185 hours. 

Of the K20-steel tests at 850 F, one test at 8000 Ib per sq 
in. was discontinued at 10,955 hours, and a second test at 
7500 Ib per sq in. has now progressed to 12,214 hours. 


INTRODUCTION 


HE STEELS under test have been fully described in previ- 

ous reports to the Joint Committee and in reports presented 

to the A.S.M.E.** and the data herein contained set forth 
recent results of the continuing tests previously reported to the 
sponsor societies.> 

Member of research staff, Battelle Memorial Institute. Upon 
graduation from high school Mr. Cross entered the Metallurgical 
Division of the Bureau of Standards. While so employed he attended 
George Washington University, being graduated in 1927 with the 
degree of B.S. in chemical engineering. In December, 1929, he joined 
the research staff of the Battelle Memorial Institute. In his work at 
both the Bureau of Standards and the Institute, Mr. Cross has con- 
centrated on the investigation of the properties of metals at elevated 
temperatures. 

‘Member of research staff, Battelle Memorial Institute. Mr. 
Lowther was graduated from the University of Texas in 1928 with the 
degree of B.S. in mechanical engineering. From 1928 to 1932 he 
was associated as research assistant in mechanical engineering at the 
Engineering Experiment Station of the University of Illinois, work- 
ing on flow of air through orifices. In 1931 he received the degree 
of M.S. from the University. At the close of that period he was trans- 
ferred to the applied-mechanics department where his work dealt 
with fatigue and measurement of stresses in rails. Since September, 
1935, he has been connected with the Battelle Memorial Institute 
on the design and testing of tin-base bearings and on creep of steel 
at elevated temperatures. 

High-Temperature Tensile, Creep, and Fatigue of Cast and 
Wrought High- and Low-Carbon 18 Cr 8 Ni Steel From Split Heats,”’ 
by H. C. Cross, Trans. A.S.M.E., vol. 56, 1934, paper RP-56-6, 
p. 533. 

‘“Short-Time Tensile Tests at 850 F of the 0.35 Per Cent Carbon 
Steel, Material K20,"" Trans. A.S.M.E., vol. 58, 1936, paper RP- 
58-4, p. 97. 

*“Long-Time Creep Tests of 18 Cr 8 Ni Steel and 0.35 Per Cent 
Carbon Steel,” by H. C. Cross and F. B. Dahle, Trans. A.S.M.E., 
vol. 58, 1936, paper RP-58-3, p. 91. 

*“Long-Time Creep Tests of 18 Cr 8 Ni Steel and 0.35 Per Cent 
Carbon Steel,” by H. C. Cross and F. B. Dahle, Proc. A.S.T.M., vol. 
36, 1936, p. 143. 

Contributed by the A.S.M.E.-A.S.T.M. Joint Research Committee 
on the Effect of Temperature on the Properties of Steam and pre- 
sented at the Annual Meeting of THe AMERICAN Society or Me- 
CHANICAL ENGINEERS, held in New York, N. Y., November 30 to 
December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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ts of 18 Cr 8 Ni Steel 
K19 and 0.35 C Steel K20 


By HOWARD C. CROSS! anv J. G. LOWTHER,? BATTELLE MEMORIAL INSTITUTE, COLUMBUS, OHIO 


Creep TEstTs 

18 Cr 8 Ni Steel K19. The time-deformation curves for the 
18 Cr 8 Nisteel at 1200 F and 8345 lb per sq in. are shown in Figs. 
land 2. Table 1 gives a summary of their creep-test data. 

At 10,127 hr, the load on specimen B12-4 was removed but the 
temperature was maintained at 1200 F. The rate of deformation 
at this time was about 0.000475 per cent per hour and the total 
deformation was 2.962 per cent. 

At the start of the test on specimen B12-4, the deformation 
resulting from the application of the load was 0.067 per cent. 
The immediate contraction upon release of the load was about 
0.048 per cent, and during the 645 hr at temperature under zero 
load further contraction to a total of 0.071 per cent took place. 
At 10,772 hr the load of 8345 lb per sq in. was reapplied and the 
resultant deformation was 0.045 per cent. After maintaining 
the load for 695 hr to a total of 11,467 hr, during which time the 
rate of deformation was about 0.00053 per cent per hr, the load 
was removed and the immediate contraction was 0.047 per cent. 

It may be seen that the contraction resulting from release of 
the load was of about the same magnitude as the deformation 
resulting from application of the load. This indicates that the 
deformation subsequent to that measured upon application of 
the load is permanent and not recoverable for an 18 Cr 8 Ni steel 
tested at 1200 F and 8345 lb per sq in. 

The test on specimen B12-1 is still in progress at 15,185 hr 
with a rate of deformation of about 0.00037 per cent per hr and a 
total deformation of 3.871 per cent. Since the last report at 
11,257 hr, the rate has gradually increased from 0.00029 to 
0.00037 per cent per hr. 

The total deformation of specimen B12-1, nearly 3.9 per cent, 
is well above that which some designers consider inadmissible 
for heat-resisting austenitic alloys, even when change of dimen- 
sions is not harmful, on the score that brittle failure is impending. 
The further course of the curve, and whether the specimen con- 
tinues to stretch or whether it will fail suddenly and in brittle 
fashion, will be of especial interest. 

0.35 C Steel K20. The time-deformation curves for the 0.35 
per cent carbon steel at 850 F are shown in Figs. 3 and 4, and 
Table 2 gives a summary of their creep-test data. 

At 9617 hr, the load on specimen 10A-4 (8000 lb per sq in.) 
was removed but the temperature was maintained at 850 F. 
The rate of deformation at this time was about 0.000095 per cent 
per hr and the total deformation was 1.173 per cent. 

At the start of the test on specimen 10A-4, the deformation 
resulting from the application of the load was 0.04 per cent. 
The immediate contraction upon release of the load was about 
0.039 per cent and during the 643 hr at temperature under zero 
load, further contraction to a total of 0.064 per cent took place. 
At 10,260 hr the load of 8000 Ib per sq in. was reapplied and the 
resultant deformation was about 0.045 per cent. After main- 
taining the load for 695 hr to a total of 10,955 hr during which 
time the rate of deformation was about 0.00011 per cent per hr, 
the load was removed and the immediate contraction was about 
0.043 per cent. 

Since this specimen 10A-4 after one per cent total deformation 
showed a maximum contraction of only about 0.02 per cent more 
on release of the load than of deformation on application of the 
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Fic. 2 Trwe-DeroRMATION CurvEs aT 1200 F 


load, practically all of the deformation subsequent to that meas- 
ured upon application of the load is indicated to be permanent 
and not recoverable upon unloading. 

The test on specimen 25B-5 is still in progress at 12,214 hr 
with a rate of deformation of about 0.000065 per cent per hr and 
a total deformation of about 1.045 per cent. The rate has re- 
mained practically constant between 0.00006 and 0.000065 per 
cent per hr since the last report at 8279 hr. 


DISCUSSION OF THE RESULTS OF THE CREEP TESTS 


For greater ease of comparison the time-deformation curves for 
the four specimens which were tested are shown as single curves 
in Fig. 5. 

The tests still running have progressed an additional 3825 hr 
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since the last report and continue to indicate that the actual de : 


ormations are considerably greater than the values obtained b 
extrapolation from 2000 hr at the average rate observed betwe 


1000 and 2000 hr for the 18 Cr 8 Ni steel at 1200 F and less the . 
the extrapolated values for the 0.35 per cent carbon steel at 8505. 


For specimen B12-1, the extrapolated value at 15,000 hr woul! ‘ 
be about 2.43 per cent, whereas the increasing rate since abou' F 


3000 hr has caused an actual deformation at 15,000 hr of abot F~ 


3.81 per cent or about 57 per cent higher than the value estima i 


by extrapolation. 


For specimen B12-4 which has been discontinued at the shor’ F = 
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TABLE 1 CREEP-TEST DATA FOR 18 CR 8 NI STEEL K1g TEST TABLE 2 CREEP-TEST DATA FOR 0.35 CARBON STEEL K20 
e TEMPERATURE 1200 F; LOAD 8345 LB PER SQ IN. TEST TEMPERATURE 850 F 
Speci Specimen 
Initial deforma- Load-lb per sq 
tion, per cent 0.06 0.06 a Page ‘ 8000 7500 
Durati nitia: eforma- 
11,467 15,185 tion per 0.04 0.05 
, Rate of Rate of uration of test, 
per cent ef. per cen ate ate 
per hr per cent per hr per cent deformation Total | deformation Total 
0.00043 0.41 0.00021 0.27 = ae 
0.00023 0.54 0.00018 0.36 r 
1600 0.00021 0.67 0.000155 0.50 500 0.00017 0.21 0.00012 0.175 
: 2000 0.00021 0.75 0.000155 0.57 1000 0.00015 0.28 0.00012 0.24 
3000 0.00021 0.96 0.00013 0.70 1400 0.00013 0.34 0.00010 0.28 
4000 0.00021 1.16 0.000155 0.86 2000 0.00011 0.40 0.00009 0.34 
5000 0.000255 1.45 0.00017 1.01 3000 0.00010 0.51 0.00009 0.425 
6000 0.000255 1.63 0.000205 1.19 4000 0.00009 0.605 0.000075 0.50 
7000 0.000285 1.92 0.00021 1.40 5000 0.000075 0.688 0.000025 0.56 
8000 0.00028 2.19 0.000255 1.66 6000 0.000075 0.763 0.00007 0.60 
9000 0.000365 2.49 0.000265 1.89 7000 0.000075 0.844 0.00006 0.712 
10000 0.000475 2.90° 0.0002 2.11 8000 0.000085 0.919 0.00006 0.773 
0.00029 2.44 2000 0.000095 1.015¢ 9.00006 0.839 
13000 0.000335 3.081 11000 0.000065 0.969 
0.000355 3.442 0.000065 1.0376 


® At 10,127 hr and 2.962 per cent deformation: immediate contraction ® At 9617 hr and 1.173 bay cent total deformation: immediate contraction 
upon release of load, 0.048 per cent; greatest contraction during 645 hr upon release of load, 0.039 per cent; greatest contraction during 643 hr 
at temperature under zero load, 0.071 per cent; immediate deformation at temperature under zero load, 0.064 per cent; immediate deformation 
Upon reapplication of load at 10,772 hr, 0.045 per cent; load on for 695 hr; upon reapplication of load at 10,260 hr, 0.045 per cent; load on for 695 hr; 

off at 11,467 hr; immediate contraction upon release of load, 0.047 per load off at 10,955 hr; immediate contraction upon release of load, 0.043 


Cent; test discontinued. per cent; test discontinued. 
Test Mer Erg rate 0.00037 per cent per hr and deformation 3.871 6 Test continuing, rate 0.000065 per cent and deformation 1.045 per cent 
per cent at 15,185 hr. at 12,214 hr. 
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ference would have increased rapidly if the test period had been 
further prolonged. 

For specimen 25B-5, the extrapolated value at 12,000 hr would 
be about 1.31 per cent, whereas the decreasing rate since the start 
of the test has caused an actual deformation of about 1.03 per 
cent or about 21.5 per cent lower than the value obtained by 
extrapolation. 

For specimen 10A-4, which has been discontinued at the shorter 
time of 9617 hr, the extrapolated value at 9500 hr would be about 
1.30 per cent as compared with the observed actual value of 1.06 
per cent, about 18.5 per cent lower than the value obtained by 
extrapolation. 

Hence extrapolation from the 2000-hr test-period data in the 
case of the 18 Cr 8 Ni steel loaded to 8345 Ib per sq in. at 1200 F 
leads to error which increases in magnitude as the time is in- 
creased. 

But extrapolation from the 2000-hr test period in the case of 
the 0.35 per cent carbon steel loaded to 7500 Ib per sq in. at 850 
F leads to differences on the conservative side. 

Since the rate is practically constant only continuation of the 
test period for this carbon steel will indicate whether the rate 
will further decrease or ultimately increase and cancel the favor- 
able difference as compared with the extrapolated value. 

These data confirm a statement in a previous report that for 
dependable extrapolations, knowledge of the strain-hardening 
characteristics of the materials is absolutely necessary. 

Note in Fig. 5 the relatively small effect of unloading and re- 
loading of specimens B12-4 and 10A-4. 


Examination of Specimens After Creep Test 


A, Surface. Figs. 6 and 7 show the external appearance 
(magnification about 1.75) of specimens B12-4 (18 Cr 8 Ni steel) 
and 10A-4 (0.35 per cent carbon steel) as removed from the creep- 
test units with the platinum measuring strips still in place. 

Specimen B12-4 (Fig. 6) showed practically no scale and the 
discoloration was quite even. In this respect it differed from a 
previous specimen which was removed due to excessive rate of 
deformation and which showed a spotty appearance. The finger 
prints shown are the result of handling before the test was started. 


Fic. 6 Specimen B12-4 18 Cr Fic. 7 Spectmen 10A-4 0.35 
S K19 Arrer C Sreev, K20 Arrer Removal 
From Creep Test or 11,467 From Creep Test oF 10,959 
Hr at 1200 F Hr at 850 F 


Specimen 10A-4 (Fig. 7) showed a characteristic reddish iro! 
oxide scale which was cracking and splitting but there was e‘' 
dence that it had been quite adherent until the deformation had 
caused the scale to part. 

B, Structure. Fig. 8 shows the structure of a longitudinal 
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Fic. 8 SpecimMeEN Bl2-4 18 Cr Ni Fig. 9 


section taken from the center of the creep-test specimen B12-4 
(18 Cr 8 Ni steel) after test of 11,467 hrat 1200 F. Carbide pre- 
cipitation has taken place in the grain boundaries, along twinning 
planes, and also within the grains themselves. Agglomeration 
of the carbide particles is also apparent. Careful examination of 
the specimen showed no difference in structure between the 
center and surface. No decarburization or intergranular parting 
or oxidation was evident. 

Fig. 9 shows the structure of creep-test specimen 10A-4 
(0.35 per cent carbon steel) after test of 10,955 hr at 850 F. 
Little change has taken place in this specimen. Possibly when 
compared with the structure as heat-treated the carbides are more 
spheroidized and agglomerated. There seemed to be no differ- 
ence between the center and surface. Below the scale at the sur- 
face no decarburization was evident. 

C, Impact Resistance. Two round Izod impact-test specimens 
(V notch) were machined from the reduced sections of creep-test 
specimens B12-4 and 10A-4. 

The results obtained from the impact tests were as follows: 

Izod impact resistance, ft-lb 
As heat-treated B12-4 (11,467 hr at 1200 F) 

18 Cr 8 Ni steel K19.... 101-107 50-58 
cent carbon steel 


“ 48-55 10A-4 (10,955 hr at 850 F) 
54-55 

While the impact resistance of the 18 Cr 8 Ni steel specimen 
B12-1 has dropped considerably from the value as heat-treated, 
4 final Izod impact resistance of 50-58 ft-lb is usually taken as 
indicating ample toughness for any practical purpose. 

Since the metallographic examination of the 0.35 per cent car- 
bon-steel specimen 10A-4 showed but little change in structure 
during the creep test the lack of change in impact resistance is 
consistent with the structure. 


SPECIMEN 10 A-4, 0.35 C Sree, K20 Arter 10,955 Hr at 

STEEL K19 Arrer 11,467 Hr at 1200 F. 850 F. Specimen Ercuep WITH 2 Per Cent 

SpecImEN Ercuep With Aqua REGIA IN 
GLYCERIN X 500 


(Left: Specimen 100; right: Specimen 500.) 


CONCLUSIONS 


The long-time creep tests on the 18 Cr 8 Ni steel at 8345 lb 
per sq in. at 1200 F show increasing rates of creep, thereby in- 
creasing the difference between the actual deformations measured 
and the value obtained by extrapolation from the 2000-hr test 
period. 

The long-time creep tests on the 0.35 per cent carbon steel at 
8000 and 7500 lb per sq in. continue to indicate extrapolation 
from the 2000-hr period conservative as compared with the 
actual deformation measured. It is obvious that without 
knowledge of the strain-hardening characteristics of a given steel, 
quantitative extrapolation from a single creep test, even of 2000- 
hr duration, is unlikely to be accurate. A family of creep curves 
from which may be deduced the loads and temperatures at which 
the curves change from the type that ultimately shows an in- 
creased rate of flow to that which ultimately shows a decrease, or 
some other method of determining the ultimate strain-hardening 
properties for different loads and temperatures, is necessary for 
complete evaluation. 

Experiments on both steels on unloading, holding at tempera- 
ture with zero load, reloading, and again unloading, indicate that 
practically all of the deformation subsequent to that measured 
upon application of the load at the start of the test is permanent 
and not recoverable. 

Examination of an 18 Cr 8 Ni steel specimen after creep test 
shows carbide precipitation and agglomeration but impact tests, 
although indicating a reduction from the impact resistance as 
heat-treated, still indicate a satisfactory toughness. 

Examination of a 0.35 per cent carbon-steel specimen after 
creep test showed little change in either structure or impact re- 
sistance from the heat-treated condition. 
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Constant Strain-Rate Tests on 0.35 C 
Steel K20 at 850 F 


By A. NADAP ano E. A. DAVIS,? EAST PITTSBURGH, PA. 


INTRODUCTION 


N CONTINUATION of the program of accelerated tests on 
[.. effect of the speed of deformation upon the yield stress of 

metals at elevated temperatures, constant strain-rate tests were 
made in tension on a 0.35 per cent carbon steel at 850 F. This is 
part of a testing program carried out at the Westinghouse Research 
Laboratories for several years on the creep and plastic flow of 
metals. The constant strain-rate tests to be reported briefly here 
were made for various reasons. One was to extend the range of 
speeds of deformation over a much wider scope than is usually 
found in the standard long-time tensile creep tests made at elevated 
temperatures. In the ordinary creep test, the load is kept con- 
stant and the range of speeds of deformation is confined to com- 
paratively small velocities of stretching, so that tests must run 
fora long time. The usual time is three months with creep rates 
of the order of 10-8 in. per in. per hr or approximately 0.01 per cent 
deformation per year. In the constant strain-rate tests, strain 
tates about a thousand million times larger can be applied or of 
the order of 10 in. per in. per hour. A second reason for making 
such tests is that they can be carried out in a comparatively simple 
manner, and when properly analyzed may furnish information 
which can be utilized to predict the behavior of metals in the range 
of the slow rates of flow found in the ordinary creep tests made 
under constant stress. A third and important reason for making 
tensile tests under controlled rapid strain rates is that a few 
tests of this short duration together with one or two long-time tests 
reduces the time required for a determination of the relation of 
stress to velocity of deformation (the creep laws). It is realized 
that certain conditions cannot be reproduced by shortening the 
time of testing from several months to a few hours or days. It 
must, however, be said that the effect of prolonged exposure of a 
metal to high temperature, upon the mechanical properties could 
be determined by making short mechanical tests from time to 
time during the heating process. In other words, samples of a 
metal which have been kept at elevated temperature over the re- 
quired long periods of time when subsequently tested in rapid 
tests, show the principal effects. 


1 Research Laboratories, Westinghouse Elec. & Mfg. Co. Mem. 
AS.M.E. Dr. N&dai was formerly professor of applied mechanics 
of the University of Géttingen in Germany, and since March, 1929, 
he has been connected with the research laboratories of the West- 
inghouse Company and with the graduate school of the University 
of Pittsburgh. 

* Research Laboratories, Westinghouse Electric & Manufacturing 

0. Mr. Davis was graduated from the University of Pittsburgh in 
1932 with the degree of B.S. in mechanical engineering. He entered 


) the employ of the Westinghouse Company in 1933 and in April, 1934, 


was transferred to the research laboratories. 

Contributed by the A.S.M.E.-A.S.T.M. Joint Research Committee 
on the Effect of Temperature on the Properties of Metals, Sub- 
committee E of Committee 3, and presented at the Annual Meeting 
of Tue AMERICAN SocieTY OF MECHANICAL ENGINEERS, held in New 
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It is probable that the changes in the internal structure of 
metals due to a long exposure to high temperatures under un- 
favorable conditions, such as the presence of corroding atmos- 
pheres, could be tested in this way. 

In order to compare strain rates obtained from rapid tensile 
tests with those observed in ordinary long-time creep tests, 
N. L. Mochel, secretary of the A.S.T.M.-A.S.M.E. Joint Re- 
search Committee on Effect of Temperature on the Properties of 
Metals secured a lot of 0.35 per cent carbon steel from the Bethle- 
hem Steel Company and made a portion of this steel available for 
the controlled strain-rate tests. According to the intention of the 
Joint Committee several cooperators were asked to run compara- 
tive long-time tensile creep tests of 1000 hr and also of a much 
longer duration.* 

There was, therefore, offered a unique opportunity to correlate 
the entirely different method of rapid tests in which the speed was 
kept constant with the observations made at several laboratories 
where tests were run under constant stress. 


MATERIAL 


The material used was a 0.35 per cent carbon steel, which was 
received fully annealed.‘ A one-inch diameter bar of this mate- 
rial, marked 12 and 12B, was received from N. L. Mochel of 
the Westinghouse South Philadelphia Works. This bar, which 
was about seven feet long, was slightly bent at the middle but 
enough material was obtained from the straight ends to make 
five tensile-test specimens. 


TresTING EquirpMENT—TEsT PIEcEs 


These tests were run on the constant strain-rate apparatus 
built into a modified ten-ton Amsler testing machine.’ The hy- 
draulie drive of this machine was used only as a load indicator, 
and the testing bars were stretched at constant relative speeds 
of the heads by means of a screw mechanism, electrically driven 
by means of interchangeable-gear speed reducers. The speed 
range extended from one to 20,000 and from one to 108 when the 
long-time tests of Battelle were included in the comparison. 

The shape of the test pieces is shown in Fig. 1. They had a 
four-inch gage length. The heating furnace had an overall length 
of twenty inches and was provided with a narrow window, five 
inches long through which the elongation was optically measured 
with two micrometer telescopes. The gage marks were made by 
spot welding small platimum ribbons on the side of the bar. The 
measurements were made by focusing two telescopes on the 
edges of these ribbons. 


’ Compare: Report of Joint Research Committee on the Effect 
of Temperature on the Properties of Metals, preprint No. 25, 1936, 
A.S.T.M., p. 17, Appendix II, containing the newest data on two 
long-time tests on 0.35 per cent carbon steel at 850 F of 9620 hr at 
8000 lb per sq in. and of 8690 hr at 7500 Ib per sq in., respectively. 
Creep curves are shown in Figs. 4 and 5 of this report submitted by 
H. C. Cross and F. B. Dahle, Battelle Institute, Columbus, Ohio. 

‘ A full description of the material and its preparation is given in 
the Progress Report by Subgroup D on Short-Time Tensile Tests to 
the A.S.T.M.-A.S.M.E. Joint Research Committee on the Effect of 
Temperature on the Properties of Metals, Trans. A.S.M.E., 1936, 
vol. 58, page 97, RP-58-4. 

’ A description of the apparatus will be found in a paper soon to 
be published on constant strain-rate tests with stainless steel. 
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Four thermocouples were clamped on each test piece before it 
was put in the furnace. Two of these were on the gage length and 
one was on each shoulder. The temperature was adjusted until 
the four thermocouples agreed within one deg C. After the test 
was in progress, the temperature could be read only on the shoul- 
ders because the clamps at the gage-length positions became loose. 
The temperature was kept to within 2 deg of 850 F during the 
tests and throughout the comparatively short gage length of 
the test bars. 


Test RESULTS 


Stress-strain curves, for various velocities, for these tests are 
plotted as shown in Fig. 2. Fig. 3 shows the first portion of 
them corrected for reduction of area. It can be seen that the 
yield stress changes quite considerably for a given change in 
speed; that is, the material is already quite sensitive to speed 
changes at 850 F. This steel was not very strong and started to 
deform plastically at rather low stresses, but was exceptionally 
suitable for an investigation of the effect of the speed of deforma- 
tion at this temperature. It can be noticed that the material is 
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Fig. 2 


still in the strain-hardening range. The ultimate strength was 
not attained until the strain reached about ten per cent, while in 
some previous tests on a twelve per cent chromium steel, the ulti- 
mate strength occurred at about three per cent strain at the same 
temperature. 

Fig. 4 shows how the yield stress « changes with the plastic- 
strain rate u” = de”/dt, e” = plastic strain. The points to the 
right of u” = 10~* represent the tests made in this investigation 
at the Westinghouse research laboratories. Each line represents 
the relation between stress and speed of deformation for a given 
amount of plastic deformation. The four points to the left rep- 
resent the tests made on this same material at the Battelle Me- 
morial Institute and reported by Cross and Dahle. These four 
points were obtained by reading the speed of deformation at 
one-half per cent strain from Figs. 6, 7, and 8 of the Cross and 
Dahle paper.® 

6 ‘Long-Time Creep Tests of 18 Cr 8 Ni Steel and 0.35 Per Cent 


‘Carbon Steel,” by H. C. Cross and F. B. Dahle, Trans. A.S.M.E., 
vol. 58, 1936, paper RP-58-3, p. 91. 


Discussion OF Test RESULTS 


Since these tests are designated as constant-rate tests, it might 
be well to consider what is meant by such a test. In dealing with 
large deformations or with creep phenomena, there are three 
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strains that must be considered; the total ¢, the elastic ¢ 
and the plastic e”, which are related by the expression 


There are also three corresponding strain rates given by 1, uw 
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The ideal constant rate test would be one in which the plastic 
strain rate, wu” was kept constant, but in actual testing with the 
equipment available, the best that can be hoped for is to keep the 
total strain rate uw constant. It was found when this was tried 
that the rate u did not approach a constant value until the bar was 
stretched plastically about one-half per cent. This lag is due to the 
elasticity of the parts of the testing machine and probably to some 
looseness in the grips and heads. It is only toward the latter part 
of the test, where the load is increasing slowly, that a constant 
plastic-strain-rate test is realized. In Fig. 4, a constant plastiec- 
strain rate would be represented by a vertical line through the 
curves. In the actual test u was constant, not wu”, therefore, the 
vertical dotted lines joining the points of any one test tend to 
curve to the left at small strains, thus indicating lower plastic- 
strain rates for the first part of the tests. 

In Fig. 4, the points representing a given amount of plastie 
strain, e” = constant are very close to a straight line. This would 
mean that the value of o in the logarithmetie speed equation, 


u 


, is a constant over the range of speeds used 


inthese tests. At lower strain rates, u”, these lines cannot remain 
straight and must show their convex side toward the abscissa 
axis. From similar tests made with stainless steel at 850 F, it 
was evident that they become flatter at still larger strain rates 
than those indicated in Fig. 4. This seems to be the general be- 
havior for nonaging metals. In Fig. 4 the line for e” = '/. per 
cent, is slightly curved. This departure from the straight line 
could be due to aging of the metal, for even though the strains are 
the same, the times required to reach these strains are very differ- 
ent. In order to check whether aging had an effect, a block of the 
0.35 carbon steel was kept at 850 F without stress for seven 
months. The hardness was measured periodically on a Vickers 
hardness machine, but the change was within the accuracy of the 
machine, so that practically no change in hardness or aging was 
noticed in that time. 

One thing of importance that might be noted is the fact that if 
any one of the points for the creep tests be connected by a con- 
tinuous curve (here it was approximately a straight line) with a 
point for one of the rapid tests, the stress-strain rate relationship 
would be given almost as accurately as it could be determined 
from the four long-time creep tests. For obtaining design data for 
a material, it would not require the need of as much long-time test 
equipment as heretofore used, because one single long-time 
test would perhaps permit one to locate the curve with the re- 
quired accuracy. It seems from these tests, that the curve could 
be drawn with a sufficient degree of accuracy without having 
even one long-time test available, using only the points obtained 
at the rapid strain rates. It is noted that the shortest test had a 
duration of less than one minute, while the longest constant strain- 
rate test lasted four to five days. 

Along the lowest curve corresponding to a plastie strain of '/2 
per cent in Fig. 4, the heating times are inscribed in hours which 
elapsed from the beginning of a test until an elongation of '/2 per 
tent was reached. It is quite interesting to note that the point at 
u" = 10-* with a heating time of 4000 hr. (one-half year) taken 
from the report of Battelle Institute, fits perfectly well with the 
curve in which some of the points correspond to the short heating 
times of one and one-half days. Along the upper curve for «” = 
1] per cent in Fig. 4, the testing times are shown (in minutes) to 
reach 1] per cent strain. They varied between 11 sec and 4200 
min. 

It must be noted, that when age hardening becomes pronounced 
in a metal, the extrapolation of the curves shown in Fig. 4 and 
defined by the rapid tests, into the region of the slow creep tests 
where the time of exposure to temperature increased quite con- 
siderably, needs further careful considerations. 
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Some information with regard to the numerical value of the im- 
portant constant oo appearing in the logarithmetical stress versus 
speed-of-strain formula covering the straight portion of the curves 
of Fig. 4 is of interest. 


(1+In 
No 
(o = yield stress, wu” = de”/dt = the plastie-strain rate, uo, oo = 
constants) oo can be computed from the slopes of the straight por- 
tion of the inclined lines in Fig. 4. The values of the constant o» 
for various amounts of strain hardening expressed through the plas- 
tic strains e” (such as for example e” = '/2, 1, 2, 3, 5, and 11 per 
cent) are plotted in Fig. 5. It must again be noted, that the value 
of the constant ¢) depends upon the previous history of the mate- 
rial, as was observed in numerous creep tests made with copper. 
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Another interesting conclusion can be drawn from Fig. 2. It 
can be seen from this figure that the ultimate strength S,, de- 
creases as the rate of strain u diminishes and at the same time the 
strain ¢,, decreases, at which the maximum of the load S,, oc- 
curs. In Fig. 2, a dotted line has been drawn showing the prob- 
able locus of the points (e,,, S,,). This curve seems to pass 
through the origin and is nearly a straight line having the equa- 
tion 

= 3.5 X 10-*/S,, 


Along this line are found the values of the strain ¢,, at which 
the load maxima S,, occur at the various constant strain rates 
and at which the equilibrium in a tensile test made under these 
conditions becomes unstable. 


CONCLUSION 


When yield stress o is plotted at a given strain e” against the 
logarithms of the speeds of stretching u” within the range of 
speeds which were here considered the curves « = f(u”) for the 
0.35 carbon steel approximate straight lines thus indicating that 
for the 0.35 carbon steel at 850 F’ 
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For much smaller velocities these lines must approach asymptoti- 
cally the value ¢ = 0. 

When the speed of stretching was increased in the ratio of ap- 
proximately 20,000 to 1 the yield stress was doubled. Fig. 2. The 
0.35 carbon steel at 850 F was therefore exhibiting a very pro- 


nounced effect of the speed of deformation. Results obtained 
in these controlled, rapid strain-rate tests (of a duration of a few 
minutes, several hours, or a few days) checked well with results 
obtained in long-time creep tests made at Battelle Institute over 
periods of over 8000 hr duration. 
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A Relaxation Test on 0.35 C Steel K20 


By ERNEST L. ROBINSON,' SCHENECTADY, N. Y. 


perature creep tests on 0.35 per cent carbon steel sponsored by 

the Joint Committee, the General Electric Company has run 
what it usually calls a ‘flow-rate test’”’ and the results are pre- 
sented herewith for their comparative value. 

In conducting this type of test a relatively high initial stress 
is applied which corresponds to the initial tightening of a bolt, 
care being taken not to exceed a specified total extension. In- 
itial creep is rapid and the applied load is reduced each time the 
total extension reaches the specified limit. The immediate re- 
duction in elastic extension with each reduction of load permits 
further creep within the limit, and this creep takes place more and 
more slowly due both to the reduction of load and to the strength- 
ening up of the material under whatever properties of initial 
strain hardening it may possess. 

The test is a close approximation to what happens in a bolt 
in an unyielding flange. It might properly be called a test at 
constant extension as distinguished from the ordinary test at 
constant stress. 

The 0.35 carbon steel, designated as K20 was manufactured by 
the Bethlehem Steel Company and distributed by the Joint Com- 
mittee to cooperating laboratories. It has been fully described 
in the published reports sponsored by the Committee. 

Fig. 1 shows the test results for 3670 hr at 850 F on the four 
specimens cut from bar 14 of this material. Specimen 14A1 was 
tested at 7500 Ib per sq in. constant stress; 14A2 at 5500 Ib 
per sq in. constant stress; 14A4 at 4000 lb per sq in. constant 
stress; and specimen 14A5 at 1.5 mils per in. constant extension. 

Fig. 2 is the well-known log-log plot of stress vs. rate of creep. 
In this diagram line 1 represents the relaxation, or flow-rate test 
at constant extension, on bar 14A5. Line 2 represents the results 
of the several constant-stress tests at the end of 500 hr, and line 
3 represents the same curves at the end of 3500 hr. 

The differing slopes obtained in the two types of test are, of 
course, to be expected, since quite different conditions are 
represented. This brief statement is not intended to deal with 
the interpretation of the constant-stress results. 

The fact that line 1 in Fig. 2 is straight over a long range of 
stresses leads to a simple mathematical representation of the 
results. It may also be said that this test is typical of hundreds 
of similar tests run by the General Electric Company on many 
materials and it is not an isolated case. 


| N CONNECTION with the cooperative program of high-tem- 


‘Turbine Engineering Department, General Electric Co. Mem. 
A.S.M.E. Mr. Robinson was graduated from the St. Lawrence 
University in 1911 and from the Harvard Graduate School of Applied 
Science in 1914 (M.C.E.). For three years he was engaged in con- 
struction work and the design of steel and reinforced-concrete struc- 
tures in New York and in water-power engineering in New England. 
During the war he served in the Oise-Aisne offensive as First Lieuten- 
ant with the 302nd Engineers, U. S. A., and later as Captain and 
Adjutant of the 2nd Engineer Training Regiment. For the last 
18 years he has been employed in his present capacity. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Com- 
mittee on the Effect of Temperature on the Properties of Metals 
and presented at the Annual Meeting of THe AMERICAN SocIETy OF 
MEcHANICAL ENGingeERs held in New York, N. Y., November 30 to 
December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1937, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of theit authors and not those 
of the Society. 
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If X represents the total creep, S the residual stress at time t, 
E the modulus of elasticity, Sp the nominal creep strength for a 
rate ro and n is the slope of line 1, the equation of the line is 


r = (ro/So")S" = dX /dt 
The condition of constant extension prescribed for the test is 
X + (S/E) = S,/E 


in which S,/E is the prescribed total extension and S; would 
be the initial stress in the bolt if it could be tightened instantly 
without any plastic extension during the application of the stress. 

The two relations stated lead directly to the following expression 
between elapsed time, the nominal physical properties determined 
by the relaxation test, and the initial and residual stresses 


= (n — 1) rok” S Si 


Examination of this formula shows that it represents the dif- 
ference of two time quantities. Ordinarily, and whenever the 
initial stress is relatively high, the second term will be found to 
be a very limited number of hours. If a stress-time curve is 
plotted, it will be found that after a few weeks or months a 
knee has been passed and further relaxation is very gradual, the 
few hours represented by the second term of the formula being of 
little significance. 

Hence for year-long computations the formula may be written 


on 
t= = or 
(n—1)roEt 


It is interesting to note that the complete expression may be 
written in terms of extension by redefining X as the residual 
elastic extension and letting Xo represent the elastic extension 
corresponding to the nominal creep strength S, and X, the speci- 
fied limiting extension for the test thus 


X." 1 1 
(n — 1) ro} 


These expressions connecting time with stress or extension may 
be plotted to yield residual stress or tota! plastic extension, Fig. 3. 

There are many reasons why relaxation tests at constant ex- 
tension are useful and significant. Perhaps the least fundamental 
but a noteworthy reason is that behavior under a number ofstresses 
is obtained from a single bar, while a battery of tests is required 
to give comprehensive information under a series of constant 
stresses. The step-down test is thus economical of furnace space. 

The period of initial rapid creep is usually over in a few weeks 
and the knee of the relaxation curve passed, so that test results 
based on two or three months may be extended with confidence 
to a year or 10,000 hours. It is usually reasonable to suppose 
bolts may be retightened that often. In comparison with this, 
constant-stress tests may or may not give, in the same time period, 
results that can be extrapolated, depending on the stability of the 
material. However, it does not appear likely that relaxation 
tests can replace constant-stress tests. Both are necessary even 
if the latter do require longer time periods. 

As a means of comparing the metallurgical behavior of ma- 
terials under conditions approaching actual service the step- 
down test is good for several reasons. In the first place, the 
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index of the long-time behavior of the material. The nominal s 2 
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Another real virtue of the relaxation test is that it definitely 
safeguards the test from any excessive strain-hardening effects. 
With constant-stress tests, if too big a stress is applied to a bar 
it will stretch beyond reason and the test will be largely wasted. 
Such a result is impossible with the step-down method, the strain- 
hardening effect being strictly limited by the method itself to 
values applicable to service. 

Also the test gives information directly applicable to bolts in 


Fic. 3. Computep Bout PerrorMance, 0.35 C Sree, K20 ar 850 F 


service or machine parts assembled with a shrinkage allowance. 

It should be noted that when one half of such an assemby 
(the flange through vhich the bolt passes, for instance) is not 
substantially unyielding, the formula must be rewritten to take 
account of the actual arrangement. The modulus of elasticity 
must, of course, correspond with what the test indicates. 
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Relaxation Tests on 0.35 C Steel K20 at 850 F 


By N. L. MOCHEL,' PHILADELPHIA, PA. 


INTRODUCTION 


HE VARIOUS activities of the Joint Research Committee 

on Effect of Temperature on Properties of Metals have re- 

sulted in the collection of considerable data relative to the 
effect of high and low temperatures on a specially prepared 0.35 
per cent carbon steel, known as material K 20. (See Appendix.) 
As these accumulated data offer a means of comparing the re- 
sults secured by several methods of testing, it may be of interest 
and possible value to add to this accumulation the results ob- 
tained from a few simple relaxation tests. The writer has made 
! Metallurgical Engineer, South .Philadelphia Works, Westing- 
house Electric & Manufacturing Co. Mr. Mochel was educated in 
Pittsburgh and was first employed in 1912 in the inspection depart- 
ment of what was then the Westinghouse Machine Company, later 
taking charge of the testing of materials. He continued in this 
capacity after the concern was merged with the Westinghouse Elec- 
tric & Manufacturing Co. During the War he served with the rank 
of master engineer in the Engineer Corps of the United States Army 
in France. In 1920 he assumed his present duties. 

Contributed by the A.S.M.E.-A.S.T.M. Joint Research Committee 
on the Effect of Temperature on the Properties of Steam and pre- 
sented at the Annual Meeting of THe AMERICAN Society or Me- 
CHANICAL ENGINEERS, held in New York, N. Y., November 30 to 
December 4, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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use of such tests to. judge the load-carrying ability of certain 
bolting steels. 


Test Metuop 


Fig. i shows the test speciren, the test block, and the assembly. 
It will be noted that the test specimen is of 0.505 in. diam X 
10 in. gage length, and that the threaded ends are made of suf- 
ficiently greater section to reduce greatly the stress at those 
points. Windows are provided in the test block, for purposes of 
measuring the specimen at the 10-in. gage length on two sides. 
A square hole is provided in the block and a square section on 
the specimen, at each end, to prevent twisting of the specimen 
when tightening the nuts. The gage lengths were fixed by 0.031- 
in. diam drilled holes rather than punch marks. It is of course 
necessary that the blocks be made of the same steel as the test 
specimens, in order to maintain uniform expansion. 

Measurement was made with a 10-in. Whittemore strain gage, 
reading to '/;o000 in. A standard 10-in. gage was modified by in- 
stalling points of sufficient length to pass through the windows 
of the block, into the gage-length holes of the specimen. This 
instrument is held by two fingers and the thumb of each hand and 
applied to the work. It is not fastened to it. A standard refer- 
ence gage is a part of the instrument. 

A chart was prepared using the known modulus of elasticity, 
so that stress could be read directly from elastic or permanent def- 
ormation. The length of the specimen was first determined 
without stress. It was then inserted within the test block and 
the nuts screwed on by hand. With the test block held hori- 
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zontally in a vise, and with one set of windows up, a wrench was 
applied to one nut and the specimen stretched a predetermined 
amount. The stretch measurement was made through the top 
windows, and was then checked on the opposite side through 
the second set of windows. Fig. 2 shows a block, specimen, and 
the Whittemore gage. 


Fic. 2. Brock, SPECIMEN, AND WHITTEMORE GAGE 


The assembled blocks and specimens were then stood on end in 
a special holder provided for the purpose and placed in an elec- 
tric furnace of cylindrical construction, which was equipped with 
copper lining, external resistance and double pyrometers arranged 
to allow the temperature to be closely controlled. Thermo- 
couples were secured directly to the specimens. 

Tests may be made in two ways: Specimens may be loaded 
at some common stress, and one or two specimens removed at 
desired intervals, cooled, unloaded, their permanent deformation 
determined, and the curve of relaxation against time plotted; 
specimens may be stressed in varying amounts and all subjected 
to temperature for the same length of time, then cooled, and 
permanent deformation determined. In either case, the meas- 
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TABLE 1 
Speci- -—Residual stress, |b per sq in.—— 
Cycle men Original Average 
br no. stress Side Side Average for two 
50 1 5000 4500 4500 4500 
2 5000 3700 4100 3900 4200 
3 10000 6000 5900 5950 
4 10000 5900 4100 5475 
5 20000 4900 5900 5400 
6 20000 4500 4500 4500 4950 
100 1 5000 3600 3000 3300 
2 5000 2300 2000 2150 2725 
3 10000 4100 5000 4550 
4 10000 5400 4900 5150 4850 
5 20000 4000 4000 4000 
6 20000 3300 3600 3450 3725 
100 1 5000 2700 3000 2850 
2 5000 3000 3000 3000 2925 
3 10000 3600 3900 3750 
4 10000 5000 4800 4900 4325 
5 20000 4200 4200 4200 
6 20000 3000 3000 3000 3600 
250 5000 3600 3600 3600 
5000 3600 3600 3600 3600 
10000 5000 5000 5000 
10000 4100 4500 4300 4650 
20000 4100 4500 4300 
20000 2300 2300 2300 3300 
113 Overheated to 1070 F 
500 1 5000 3600 3600 3600 
2 5000 3300 3300 3300 3450 
3 10000 6000 5700 5850 
4 10000 5700 5700 5700 5775 
5 20000 4900 3300 4100 
6 20000 4200 4600 4400 4250 
1000 1 5000 2700 3300 3000 
2 5000 3300 3600 3450 3225 
3 10000 5300 5000 5150 
4 10000 5000 4700 4850 5000 
5 20000 3900 2300 3100 
6 20000 4200 5300 4750 3925 


urements before and after the test are made cold, and the 
amount of permanent deformation indicates the relaxation that 
took place. 

Actual service conditions are duplicated, and it is believed 
that the tests have value from that standpoint. The advantage 
of being able to take all readings when the specimens are 
cold will be appreciated. These test methods also provide 
means for studying the galling of nuts, the use of thread lubri- 
cants, and the usefulness of penetrating oils before dismantling. 
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Six specimens were prepared 
: from bars K20-6 and K20-11 
of the Joint Research Commit- 
tee material. 

Two specimens were stressed 
to 5000 lb per sq in., two to 
10,000, and two to 20,000 lb 
persqin. After a period of 50 


AT 850 DEGREES FAHR. 


LEGEND 
© SPECIMENS 
© SPECIMENS N® 3-4 
4& SPECIMENS 5-6 


+ 


1-2 


hr at a temperature of 850 F 
they were cooled, and the per- 
manent set of each determined. 
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before, held at temperature 100 
hr, cooled, and measured. An- 
other cycle of 100 hr and one 
of 250 hr followed, making 4 
total of 500 hr at temperature. 

During the next cycle, after 
113 hours at temperature, § 
pyrumeter failure permitted 
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Additional tests of 500 and 1000 hours were then run. 

Fig. 3 shows the results of the tests in graphic form, using aver- 
age values for two sides of two specimens. Detailed results are 
given in Table 1. 


Discussion 


A study of the detailed values shows variations in results be- 
yond those considered good. Such variations have not been as 
great with other higher-strength steels similarly tested, and it is 
difficult at the moment to explain these differences. However, 
it is believed that the test has practical value, and indicates the 
load-carrying ability of this steel. The effect of the initially ap- 
plied load is well indicated in the results. 

Some few tests were made with a load of 30,000 lb per sq in., 
and these showed much lower residual stress and erratic results. 


Appendix 


A full description of the preparation and properties of this ma- 
terial is given in “Short-Time Tensile Tests at 850 F of the 0.35 
Per Cent Carbon Steel, Material K20,”’ Report of Subcommittee 
D of Committee 3, Transactions, A.S.M.E., vol. 58, 1936, paper 
RP-58-4, pp. 97-101. This report, as stated, covered the short- 
time tensile tests made on this material, by thirteen cooperating 
laboratories, to test the code for short-time tensile tests, A.S.T.M. 
Specification E21-34T. 

An appendix to the above report dealt with impact tests at 
high temperatures on the same material, by two cooperators. 
Also fatigue tests were covered in this report. 

Two progress reports made by the Joint Research Commit- 
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tee have dealt with extended creep tests on the same material: 

“Long-Time Creep Tests of 18 Per Cent Chromium, 8 Per Cent 
Nickel Steel, and 0.35 Per Cent Carbon Steel.” Report of spon- 
sored researches at Battelle Memorial Institute, by H. C. Cross 
and F. B. Dahle, Trans., A.S.M.E., vol. 58, 1936, paper RP-58-3, 
pp. 91-96. 

“Long-Time Creep Tests of 18 Cr 8 Ni Steel K19, and 0.35 
C Steel K20.” Report to the Joint Research Committee covering 
a sponsored research project carried out at Battelle Memorial 
Institute by H. C. Cross and J. G. Sowther. Trans. A.S.M.E., 
vol. 59, 1937, paper RP-59-5, pp. 441-445. 

Appendix I of the 1936 Progress Report covered “‘General Sum- 
mary and Comparison of Procedure and Results Obtained on Co- 
operative Study of Low-Temperature Impact Testing of 0.35 
Per Cent Carbon Steel (K20),” Proceedings A.S.T.M., vol. 36, 
part 1, 1936, pp. 132-142. 

Further reports of tests on this steel were made at the Annual 
Meeting of the A.S.M.E., December 1, 1936. 

“Cooperative Creep Tests on 0.35 C Steel K20, at 850 F and 
7500 Lb per Sq In.” Progress report of the Joint Research Com- 
mittee on Effect of Temperature on the Properties of Metals, 
Subcommittee E of Committee 3, C. L. Clark, chairman, Trans. 
A.S.M.E., vol. 59, 1937, paper RP-59-4, pp. 439-440. 

“A Relaxation Test on 0.35 C Steel K20,” by E. L. Robinson. 
Trans. A.S.M.E., vol. 59, 1937, paper RP-59-7, pp. 451-452. 

“Relaxation Tests on 0.35 C Steel K20 at 850 F,” by N. L. Mo- 
chel, Trans. A.S.M.E., vol. 59, 1937, paper RP-59-8, pp. 453-455. 

“Constant-Strain-Rate Tests on 0.35 C Steel K20 at 850 F,” 
by A. Nddai and E. A. Davis, Trans. A.S.M.E., vol. 59, 1937, 
paper RP-59-6, pp. 447-450. 
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Timber-Connector Construction 


By PHILLIPS A. HAYWARD,' WASHINGTON, D. C. 


The use of timber-connector construction has been ac- 
knowledged by authorities as one of the outstanding de- 
velopments in modern-day use in wood construction. Up 
to the present time, over nine thousand structures, utiliz- 
ing some three million board feet of lumber, have been 
built in which this improved system of timber construc- 
tion was employed. Structures range all the way from 
small portable Civilian Conservation Corps camp buildings 
and low-cost homes, to all-wood radio towers, 326 ft high, 
and 700-ft timber highway bridges. Wood has repeatedly 
increased its standing as an engineering material through 
the use of timber connectors. 

This paper tells of the introduction of timber connectors 
into the United States and gives an analysis of the various 
types and their possibilities in construction. Particular 
reference is made to the fact that through their use the 
strength of wood is increased approximately four times. 
Important projects in which timber connectors are used 
are discussed. 


IMBER connectors, recently introduced into American 

practice, give promise of revolutionizing structural design 

with timber and restoring its use for many purposes for 
which it has not been given consideration for a long time. 
When employed in roof and bridge trusses, diagonal bracing, and 
other construction requiring end connections of axially loaded 
members, wood has had its carrying capacity limited in the past 
by connection details and devices which at times would develop 
only about 20 per cent of the allowable working load of the mem- 
bers. With timber connectors it is usually feasible to realize in 
the connections more than 75 per cent of the allowable working 
load of the members, and the structural efficiency of the material 
is increased as much as 400 per cent over previous practice. 

The expression, “timber connectors,” includes a number of de- 
vices varying in type and function, practically all of which were 
invented and employed in Europe during the last two decades. 
Although American timber resources are far superior to those of 
the continental countries both in volume and quality, much more 
consideration is given there to structural use of this material, and 
timber is often imported from this country to be used in types of 
structures for which other materials are customarily used here. 

With a view to making timber connectors available in the 
United States, the Department of Commerce, early in 1930, ar- 
ranged with the various European firms manufacturing or selling 

' Chief of the Forest Products Division, Bureau of Foreign and 
Domestic Commerce, Department of Commerce, in Washington. 
Mr. Hayward is a graduate of the New York State College of Forestry 
at Syracuse University, having specialized in lumber utilization and 
wood technology. For fifteen years, he has been actively associated 
with the lumber and timber-products industry, and allied fields, both 
in a technical and nontechnical capacity. As chief of technical 
research of the former National Committee on Wood Utilization, he 
assisted in the introduction and use of modern connectors in this 
country. 

Contributed by the Wood Industries Division and presented at the 
Annual Meeting of THe AMERICAN Society oF Mecuanicat EN- 
GINEERS held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y.,and will be accepted 
until September 10, 1937, for publication at a later date. Diseus- 
‘ion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those of 
the Society. 
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these devices to ship a sufficient number of each type to this 
country for experimental purposes. During 1931 and 1932, tests 
of these sample connectors were carried on at the United States 
Forest Products Laboratory, at Madison, Wis., where safe work- 
ing loads were recommended for each type when employed in the 
principal American structural species. 

It was early recognized that these connectors possessed consi«- 
erable advantage over the current types of timber-connection 
details, and in order to bring these advantages to the attention of 
potential users and to make the connectors generally available, 
the National Lumber Manufacturers Association, representing 
the organized lumber producers of the United States, undertook 
their manufacture and commercial distribution. The more 
promising of numerous devices were selected and developed in a 
range of sizes applicable to American standard timber sizes. A 
great amount of additional testing has been done to arrive at 
proper working loads for these new sizes in American species, and 
to afford necessary information on spacing, margins, and the in- 
fluence of various special factors, such as timber density, condi- 
tions of exposure, angle of load to grain, and character of loading. 


THREE Types oF CoNNECTORS 


Three types of connectors were made commercially available 
about July, 1933, since which time their employment for struc- 
tural purposes has increased rapidly. Several million connectors 
have so far been used in more than 9000 timber structures of 
many kinds. The United States government has used a great 
number of connectors in its CCC camp construction program, 
also on hydroelectric projects, and for various other purposes. 
State and city governments, public utilities, railroads, and large 
construction companies are employing connectors in increasing 
numbers. 

The three types of connectors now commercially available are 
the toothed ring, Fig. 1, known in Europe as the alligator; the 
split ring, Fig. 2; and the shear plate, Fig. 3, also called the 
claw plate. 

Toothed rings are sharp-toothed corrugated rings of 16-gage hot- 
rolled sheet steel. When they are to be used in a connection, the 
members are usually placed in their proper relative position and 
holes are bored for the bolts which hold the pieces in contact. 
The members are then lifted apart, toothed rings as specified are 
placed between them, usually concentric to the bolts, and the 
bolts are drawn tight, forcing the timbers together and imbedding 
the toothed rings in the adjacent faces. (See Fig. 4.) 

This method of installation sometimes presents difficulties with 
very dry or dense timbers. In such cases, it is customary to use 
high-strength, alloy-steel bolts with large, ball-bearing washers 
and double-depth nuts to draw the timbers together, after which 
the high-strength bolt is replaced with an ordinary machine bolt. 
Various forms of clamps, presses, and jacks also are employed to 
embed toothed rings where the character of the work makes their 
use convenient. Toothed rings are most often employed where 
framed structures are to be built up with relatively thin members 
or where the use of motorized tools to cut grooves or daps for 
other types is not feasible. 

Split-ring connectors are plain steel rings, rectangular in cress 
section, with a split or break in the perimeter, and are installed 
concentric to a bolt through the joint. When they are to be used 
in a joint the bolt holes are first bored according to the plans. 
Circular grooves one half the depth of the ring parallel to its axis 
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are then cut with a special tool, concentric to the bolt holes in 
the adjacent surfaces of the timbers to be connected. The split 
ring is fitted in these grooves, one half its depth in each timber, 
and the joint is drawn tight with the bolt. (See Figs. 5 to 7.) 
The shear-plate connector is a device for making connections 
between wood and steel members. Its toothed face is partly 
fitted and partly embedded in the timber until the opposite, or 
plane face is flush with the surface of the wood. The projecting 


y 


Fic. 1 ToorHep-Rinc ConNEcTOR 


Fig. SHEAR-PLATE CONNECTOR 


hub on this surface engages a hole in the steel shape or member to 
which connection is to be made. (See Fig. 8.) 

Toothed and split rings are available commercially in several 
sizes, adapted to varying loads and to different sizes and thick- 
nesses of timber. Shear plates at present are made in one size 
only. 

Some recent work has been done on the solution of structural 
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problems requiring the use of other types of timber connectors. 
A clamping plate has been developed for use between bridge ties 
and guard rails or stringers, between trestle caps and the tops of 
piles, and other points where lateral movement of one timber on 
another must be prevented. Flat and curved spike grids have 
been developed for use between bracing and piles or posts in 
marine structures and trestles. These connectors will soon be 
commercially available. 


PossIBILITIES OF TIMBER CONSTRUCTION 


The variety of uses to which connectors have been put is most 
remarkable, considering that they have been available commerci- 
ally for only about two years. The extent to which timber con- 
struction employing them is likely to increase and spread depends 
considerably upon the extent to which architects, engineers, and 
builders are able to divest their minds of a widely disseminated 
misapprehension about timber construction and to view in an un- 
biased way the inherent possibilities of the material as influenced 
by: (1) Better and more dependable structural grades; (2) 


Fig. 4 Cutaway Piece In ASSEMBLY AT SHows ToorTHED 
Ringe Wirn Its ImBeppDED IN CENTER TIMBER AND 
ProsectinG Intro Sipe MEMBER 


thorough and reliable preservative treatment where this is ad- 
visable; (3) stronger, simpler, and more economical designs 
available through the use of connectors. 

Through the organized effort of the lumber manufacturers, 
working in collaboration with such groups as the American Society 
for Testing Materials, the American Railway Engineering Asso- 
ciation, and the American Society of State Highway Officials, and 
with the close cooperation of interested government agencies, 
there has emerged during the last ten years a system of structural 
grading for lumber which admits of definite working stresses 
being assigned with confidence to each grade and species. The 
practice is rapidly increasing, of marking each piece so graded, at 
the mill, with its allowable unit stress im bending or compression. 
Where this is not done a certificate of inspection, guaranteeing 
the structural grade of the material, is usually obtainable upon 
request. 

The advantages of preservative treatment of wood are it- 
creasingly recognized where the service conditions and the charac- 
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WOOD INDUSTRIES 


Fic. 5 An Autt-Woop 326-Fr Rapto BroapcastiInc TowER aT 
RIcHMOND, Va. 
(Made of longleaf southern yellow pine; joints framed with split rings. 


Reports indicate over 200 per cent increase in coverage as compared to 
steel-tower equipment and elimination of numerous “blind spots.’’) 


Fig. 6 Position or Spuit RinGs In TypicaL Spiice or SPACED 
TIMBER COLUMN 


(Exhibit joint is broken down to illustrate the opposing grooves in timber 
faces into which the rings fit and bear both against core and rim.) 
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ter of the material used make decay a hazard. There is accumu- 
lating, as time goes on, a greater volume of evidence as to the 
effectiveness of preservative treatment in certain fields where it 
has long been employed, from which results of its use in other 
situations can be predicted. Recognition is also being given to 
the greater service life of wood selected from the various species 
and grades available to meet special conditions 

The foregoing with other aspects of wood utilization, constitute 
a vast volume of information not well-taught in technical and 
architectural schools and until recently not readily available in 
published literature. There have been issued recently, however, 


Fig. 7 Currinc Grooves ror Rincs PortaB.Le DRILL 


Fig. 8 AssEMBLY OF STEEL SHEAR Piates Usep In Foor or Rapio 
TOWER 


a number of comprehensive booklets on wood utilization which 
should be in the hands of every student of the building professions 
and trades as well as those now practicing them. 

Due to the lack of complete information on timber design and 
satisfactory control of quality, there has been a tendency in the 
past to penalize the material with unnecessarily low working 
stresses and to employ uneconomic sizes and grades. There also 
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has been an inclination to be content with less thorough inspec- 
tion and supervision of fabrication and erection than is customary 
with other construction materials, and designers have tended to 
discount this prospect by overconservative designs. It is a 
truism, however, that lack of engineering design and supervision 
cannot be discounted safely even by the most conservative of 
working stresses, and the more recent tendency, stimulated by 
the introduction of timber connectors, is to apply these precau- 
tions in building to wood as well as other materials. Using 
principles of design and working stresses consistent with these 
precautions, it frequently develops that the same structural work 
is accomplished with a pound of timber as with a pound of steel. 
Uses in INDUSTRY 

Timber-connector construction is finding an increasing use in 
oil-industry structures. No oil derricks have as yet been built 
of this type, but several designs now in preparation indicate the 
feasibility of this type of structure. Numerous casing racks, oil- 
derrick foundation structures, and tank supports using connectors 
have been built in the Texas and Louisiana fields. 

Several tank towers have been built of timber-connector con- 
struction, and this construction is particularly applicable in cases 
where heavy loads are to be supported, as timber by reason of its 
peculiar physical characteristics affords column load capacity in 
a very economical form. 

Large numbers of connector-built roof trusses and roof arches 
are in use in spans ranging from the 20-ft width of the CCC camp 
buildings to 100- and 120-ft airplane hangars, garages, and ice- 
skating rinks. It is reported that over 80 linear miles of portable 
CCC camp buildings were built by the United States government 
during the last year in which an ingenious combination of portable 
roof panels and additional pieces were used to form Fink trusses 
connected with 2'/,-in. split rings. The same type of building 
is now being adapted by the National Lumber Manufacturers 
Association to numerous other purposes, such as garages, farm 
buildings, summer camps, and low-cost dwellings. 

The earliest timber-connector structure built in this country, so 
far as is known, was an 80-ft through-railway bridge for E-60 
loading, constructed by the Weyerhaeuser interests on one of 
their logging railroads. This proved thoroughly satisfactory and 
subsequently another bridge of the same type was built. Since 
the general introduction of connectors into American practice, a 
considerable number of bridges have been built ranging from 
small temporary bridges of limited span and loading to a 180-ft 
arched bridge on the Pacific Coast Highway near Monterey, 
California, known as the Dolan Creek Bridge. This structure 
required 357,000 ft of timber and over 15,000 connectors. It was 
designed for the maximum highway loading. Timber-connector 
construction has also been utilized for stiffener trusses for suspen- 
sion bridges in spans up to 209 ft. 

The United States Army Engineers have employed timber con- 
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nectors in building erib work for cofferdams on hydroelectric 
projects, both in the South and in the far West. Interesting ex- 
amples of special uses include the use of toothed rings to stiffen 
the ribs of ice breakers built for the United States Coast Guard 
and the insertion of toothed rings between pile heads and caps in 
timber trestles, and between the ties and stringers and guard 
timbers in open and ballast deck trestles. Toothed rings are used 
for splicing, in joistsand rafters in fire-damaged buildings, or where 
greater load capacity is required in a floor structure already in 
place. Large numbers of both types were used in strengthening 
and repairing California school buildings damaged by earthquakes 
in that state about a year ago. The United States government 
and several state governments have employed split-ring connectors 
in forest lookout towers ranging up to 100 ft in height, and one 
radio broadcasting tower 326 ft in height was constructed recently 
at Richmond, Virginia, entirely of timber-connector construction 


PREFABRICATION 


One of the interesting developments in timber construction, 
made feasible by connectors, is the complete shop detailing of 
wood framing in the same fashion as is customary for steel fabri- 
cation. On numerous occasions, members shop-fabricated ac- 
cording to the usual details, have been transported several hun- 
dred miles and erected in the same fashion as is customary with 
steel. 

One problem of the lumber industry in making the new con- 
struction development available generally to specifying con- 
sumers, architects, engineers, and builders, is the lack of fabri- 
cating concerns in the wood industry similar to those which oper- 
ate steel-fabricating shops. The number of firms prepared to 
undertake such fabrication in timber is increasing rapidly, how- 
ever, and there is also an increasing number of consulting engi- 
neers and architects throughout the country who are becoming 
familiar with the possibilities of timber-connector construction, so 
that in time arrangements for this type of service ean be made as 
readily as is the case with steel. 


FABRICATION AND ERECTION Costs 
Experience on various jobs taken in conjunction with the known 
costs of timber connectors, hardware and suitable lumber indicate 
that the cost of connector structures in place, will not at the pres- 
ent price scale exceed 4 cents per pound and in many cases wil! 
fall much below that figure. 
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Discussion 


Casting or Welding in Machine 
Design’ 


J. F. Lincoun.? Although the author’s paper contains 
valuable and interesting information on the relative merits of 
castings and structures made from arc-welded steel, the writer 
believes he has not gone far enough into the subject and has 
thought in terms of what has occurred in this field rather than in 
terms of what should occur. The fundamentals of the problem 
are as follows: 

Structural steel is two and one-half times as stiff and five 
times as strong as cast iron, yet it costs approximately one third 
as much per pound on the average. Are welding makes it possible 
to join structural steel together at a very low cost so as to give a 
joint equal to the strength of the steel itself. 

The writer is of the opinion that if a mechanical engineer with 
these facts at hand cannot produce structures in general very 
much cheaper with welded steel than with cast iron, then the 
difficulty is not with the process but rather with the engineer. 
At least 75 per cent of all castings which are now made can be 
redesigned using welded structural steel at a saving in cost and 
an improvement in the product. The method of accomplishing 
this is not obvious in all cases, but that is a problem with which 
the engineer must contend. Were it obvious, a great profession 
would be discarded. 


AUTHOR’s CLOSURE 


The author agrees with Mr. Lincoln that inasmuch as the modu- 
lus of elasticity of cast iron is approximately 12,000,000 and that 
of steel 30,000,000 the stiffness of steel for a given section is 
2'/. times as much as that of cast iron. He realizes, however, 
that to increase the stiffness of a given section by 2!/, times 
requires an increase in depth of section of less than 40 per cent. As 
it may be entirely feasible in any given case to provide the re- 
quired depth of section in cast iron to give the necessary stiff- 
ness, the advantage of the high modulus of elasticity of steel 
may not always be a controlling factor. 

When we are considering structural steel and make the state- 
ment that steel is five times as strong as cast iron we must be 
thinking of ultimate strengths and furthermore, of a very high 
grade of structural steel and an extremely poor grade of cast 
iron. High-test cast iron is being produced regularly with several 
times the strength of the poor grade evidently meant in the five- 
to-one comparison. In machine design, where true surfaces and 
alignments must be maintained, we are interested in the yield 
point of the material rather than the ultimate strength. This 
figure is about 30,000 Ib per sq in. for ordinary structural steel. 
The vield point and ultimate strength of any particular grade of cast 
iron are close together, which is another way of saying that cast 
iron is a brittle material. Ordinary grey cast iron has a strength 
of 20,000 to 25,000 Ib per sq in. and the higher grades have a 
Strength of 30,000, 40,000, and even more. It may transpire 
therefore that when the better grades of cast iron are used, they 
may be, from the standpoint of machine design, even stronger 
than ordinary structural steel. 

_Further, it is the author's feeling that it is passing too hurriedly 

' Published as paper MSP-58-9, by J. L. Brown, in the October, 


— issue of the A.S.M.E. Transactions. 
President, The Lincoln Electric Company, Cleveland, Ohio. 


over the matter of cost to state that structural steel costs approxi- 
mately one third as much a pound as cast iron. The quantity 
price for structural steel may be roughly two cents a pound. 
According to this formula the average cost of cast-iron castings 
would be six cents a pound. Inasmuch as the cost of iron at 
the spout may be in the neighborhood of one cent a pound the 
cost per pound of the completed casting may easily be much 
less than six cents a pqund if sections are heavy and the activity 
of the part is such as to justify high-grade pattern and foundry 
equipment. It should be borne in mind also that the two-cents- 
a-pound structural material must be cut to size, assembled with 
pieces in proper relation, and the welding operation performed 
before it is in form comparable to the completed casting. With 
the expense of these operations added, the whole cost divided by 
the number of pounds of the completed article will show a cost 
per pound considerably more than two cents and probably in the 
neighborhood of ten or twelve cents on the average. In addition 
to this, if machining operations are contemplated it will be 
found that the expense of machining the welded-steel structure 
will exceed the cost of machining the cast-iron casting. 

Mechanical engineers undoubtedly have something yet to learn 
about the application of are welding in the design of machine 
structures but the author feels constrained to submit that in 
perusing this study they will find necessary a much more detailed 
consideration of the relation of the casting and welding methods 
of fabrication than would be inferred from a reading of Mr. 
Lincoln’s brief presentation of the “fundamentals” of the prob- 
lem. 


A Theory of Paper Drying' 


M. A. Gotrick, Jr.2 The similarity between paper-drying and 
cloth-drying systems is apparent from a study of the theory and 
derivation of the equations presented by the authors. The 
application of drying cans to fabrics has been truly a rule of 
thumb development as far as the number for a given installation 
is concerned. In addition, the width has been generally stand- 
ardized so that uneconomically wide cans are frequently used to 
dry narrow fabrics in plants having sufficient volume of these 
fabrics to warrant a more economical installation. The correct 
width of can as a single consideration is easily arrived at, but the 
entire balance is certainly worthy of study to have a better mathe- 
matical analysis than at present. 

The suggestion of developing formulas for cloth drying, result- 
ing from the development of the theory of paper drying as pre- 
sented by the authors, holds interesting possibilities for further 
application to fabrics as well as paper. The closest analogy is 
that of cans being used to dry both materials, and the theory of 
moisture removal would be on a similar basis. 

The outstanding difference between cloth and paper drying is 
that paper-drying systems use a felt to hold the paper fibers or the 
sheet of paper as it becomes dried to the surface of the drying 
cans. In fabric drying, the cloth is its own blanket. The only 
cloth-drying systems that use a blanket are the Palmer finishing 
machines. These are essentially much slower in drying cloth 
than the regular open textile can systems. 


' Published as paper PRO-58-6, by E. Cowan and B. Cowan, in 
the November, 1936, issue of the A.S.M.E. Transactions. 

* Plant Engineer and Production Manager, Dutchess Bleachery, 
Inc., Wappingers Falls, N. Y. Mem. A.S.M.E. 
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The effect of drying paper may have a similar effect of case 
hardening the fibers to that which it has on drying on cans certain 
textile fabrics, rayon in particular. The contact witha can surface 
gives a harshness to fibers which cannot be successfully removed 
in later processes. The rate of drying may have considerable 
influence on the degree of harshness, and possibly paper manufac- 
turers have a better knowledge of the method of correcting this 
influence than textile finishers. Considerable investigation is 
being made along these lines at the present time. 

The large difference in texture between paper and cloth would 
minimize the importance of the rate of steam escape from the 
sheet of paper which is the first factor X, that is, the maximum 
permissible rate of evaporation in pounds of water per square 
foot of sheet per hour. The structure of cloth is a series of threads 
in varying combinations of weaves but having openings, which 
distinguishes cloth from paper. Paper does not have its fibers 
assembled in the same manner as do cloth fibers or yarn, and this 
inherent difference might have considerable weight in considering 
its balance of the factor X in the formulas. 

One other difference which is easily discernible is the greater 
variation of thickness of textile fabrics as compared with paper. 
The thickness of cloth of usual type may vary from 0.008 in. to 
novelty or waffle cloth of */s in. thickness. A further difference 
in the latter types of cloth as compared to paper would be the 
entire lack of uniform surface contact. In the case of fabrics 
such as corded or float fibers, it would only be the top fibers in 
direct contact for half the cans in the drying system. In excep- 
tionally thick fabrics such as waffle cloth, only the top threads 
would have can contact on one half the cans, leaving an air space 
of 0.25 in. or more between the can surface and the intervening 
fabric. 

In general, the theory of paper drying might well be applied to 
cloth drying with due consideration to these previously mentioned 
factors. The cloth-drying systems in use have been expanded 
for such a variety of fabrics that in most cases the customer has 
specified the number of cans or cylinders and has been content 
with the result. Asin paper drying, the controlof speed and steam 
pressure has generally sufficed for practical purposes. Investi- 
gation of this theory of paper drying as applied to cloth may indi- 
cate other factors of interest to paper manufacture. 

A lack of complete knowledge of the paper industry and its 
problems prevents a more extended discussion along these lines. 
However, it is hoped that these suggestions will stimulate dis- 
cussion and bring about suggestions not only on paper drying but 
also on textile drying. Rule-of-thumb methods should be re- 
placed with definite formulas and the authors have taken a con- 
structive step in the right direction. 


Welding Design’ 


H. C. Perxiys.? The author describes a very interesting 
application of the principles of elementary strength of materials 
to a relatively new field. He makes it clear that the critical 
stress usually occurs at the minimum or throat section of a fillet 
weld, and that to a first approximation this critical stress may be 
regarded as uniformly distributed, or in cases such as bending of 
a fillet weld where a second approximation is required, the stress 
may be regarded as proportionally distributed. He also states 
that one of the first principles in the design of fillet welds is the 
“generally accepted assumption” that whenever possible “the 
stress on a throat section is principally a normal tensile stress.” 


1 Published as paper MSP-58-1, by Charles H. Jennings, in the 
October, 1936, issue of the A.S.M.E. Transactions. 

2 Assistant Professor in Mechanics, Sibley School of Mechanical 
Engineering, Cornel] University, Ithaca, N. Y. Mem. A.S.M.E. 


These assumptions are generally consistent with those found 
in elementary texts on strength-of-materials, but the methods by 
which the author converts these assumptions into design formulas 
do not always conform to the fundamental principles taught in 
such texts. 

Consider, for example, the derivation of the author’s Equation 
[3] for stress at the throat section of the transverse fillet welds 
shown in Fig. 4 of the paper. As shown in Fig. 1 of this dis- 
cussion the action line of the load makes a 45-deg angle with the 
throat section so the ratio of the force P to the area (0.707h/) 
of that section is certainly not a tensile stress. Such a procedure 
is wrong in principle and leads to an underestimate of the stress. 


T 
| 
Fig 
N=0.707hA1S 


N=0.707hUS 


Fig. 1 of this discussion shows the plate held in equilibrium by 
the load P, a tensile force N = 0.707hlS normal to the throat 
section, and a transverse pressure 7’ between plates as described 
by the author. If the action line of T is near the end of the 
plate, as shown, these forces are sufficient to satisfy the equations 
of equilibrium, in which case the throat section may be regarded 
as free from bending and shear. 
Summing components in the direction of P 


P — 0.707(0.707hIS) = 0 
or 


Stresses obtained by this equation are about 40 per cent greater 
than those obtained by the author’s Equation [3). 

The derivation of the author’s Equation [6] for maximum unit 
tensile stress in the throat section of the fillet weld of Fig. 6¢ 
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of the paper again involves some doubtful approximations. In 
this case, there is a fillet weld on only one side of the plate so, 
as the author states, “a bending moment resulting from the 
joint eccentricity must be considered.” 

It is in estimating the amount of this moment that one difficulty 
arises. The load being eccentrically applied, both fillet and plate 
may be bent. The greater the moment M’ carried by the plate, 
the smaller must be the moment M carried by the fillet. 

If the plate is relatively stiff or is laterally supported against 
bending, the fillet will bend very little if at all, and approxi- 
mately M = 0. The throat section will then be stressed in ten- 
sion and shear only. The average unit tensile stress on that 
section may be calculated from Fig. 2 of this discussion by 
summing components parallel to N, that is 


0.707 hls — 0.707P = 0 
or 


P 
(2] 
Results obtained by Equation [2] of this discussion are about 40 
per cent less than those obtained by the author’s Equation [4] 
which he again derives by dividing the force P by the area of a 
section at 45 deg to its action line. 
If the plate is slender and bends easily the fillet may carry 
practically all of the bending moment, and 


Below the yield stress, the corresponding bending stress, formu- 
lated in terms of the section modulus of the throat section 
0.707h)? hl 
6 12 


12M 3P(2b + A) 
hil hil 


The maximum tensile stress is obtained by adding the stresses 
given by Equations [2] and [3] of this discussion, or 


h 4P 3b 


hil hl 


Equation [4] of this discussion is not comparable with the 
author’s Equation [6]. However, if it be assumed that the 
moment is divided between plate and fillet in an arbitrary 
manner, that is, M’ = Pb/2 and M = Ph/4, then the maximum 
elastic stress on the throat section is approximated fairly well 
by the author’s Equation [6]. Adding bending stress to the 
average unit tensile stress as given by Equation [2] of this dis- 
cussion, then 
This expression gives elastic stresses about 17 per cent greater 
than the author’s Equation [6] which he derives by assuming 
that all of the fillet has passed the yield point, and that the bend- 
ing stress is therefore uniform rather than proportionally dis- 
tributed. The assumption that the bending moment is divided 
between plate and fillet in such an arbitrary manner is not likely 
to be consistent with the facts, so it is surprising that the author’s 
Equation [6] should agree at all with experimental results. 
The author’s derivation of his Equation [8] is another example 
of faulty procedure. Assuming as usual that throat sections are 
subjected primarily to normal tension, let Fig. 3 of this dis- 


cussion represent the plate held in equilibrium by a tensile load P 
and by tensile forces N = 0.707h1S normal to the throat sections. 
These forces are sufficient to satisfy the equations of equilibrium. 
Summing components in the direction of P 


P — 2(0.707)0.707hIS = 0 
or 


Stresses obtained by this equation are about 40 per cent 
greater than those obtained by the author’s Equation [8]. 

Again, if the welds of Fig. 9 of the paper be analyzed by the 
method indicated in Fig. 1 of this discussion, the results will be 
about 40 per cent greater than those given by Equations [9] and 
[10] of the paper, as shown by the two following equations 


and 


Methods of computing stress in transverse fillet-welded joints 
subjected to bending are as the author says, approximate. 
The formulas he derives may agree fairly well with experiment 
but it is unfortunate that those formulas do not follow logically 
from his assumptions. Consider particularly the author’s 
Equation [16] for maximum normal stress on a throat section 
when the load is a bending couple M as shown in Fig. 12a of the 
paper. The author assumes that the moment M is counter- 
acted by a couple composed of forces p acting at the centers of 
the vertical fusion zones of the welds, shown as ff in Fig. 4 of this 
discussion, and therefore the moment M = p(b +h). The load 
p on one weld is therefore assumed to act as shown in Fig. 4 
of this discussion, from which it follows that the throat sections 
are stressed in tension, shear, and bending as shown in the 
figure. 

Summing components parallel to N in Fig. 4 of this discussion, 
solving for average unit tensile stress S, and substituting for p 
in terms of M, then 


0.707hIS, — 0.707p = 0 


But the force p has a moment M’ = ph/4 about the central 
axis of the throat section, corresponding to maximum bending 


stress 
5, 12 __ 3M 
4h%  hi(b +h) 


The maximum normal stress upon the throat section is then 
equal to the sum 
4M 


If the author’s Equation [16] gives results in fair agreement 
with experiment, Equation [11] of this discussion, which yields 
results 180 per cent greater, will be considerably in error. 

Lacking such agreement, the author’s assumption that M is 
counteracted by forces p acting at the center of the vertical fusion 
zones must be abandoned. A more familiar type of calculation 
leads to a simpler result with fewer doubtful assumptions. The 
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section modulus of both fusion zones together, about the central 
axis of the plate is 
T _ (b+ 2h)t— 
cb + 2h 
9 


= bhl + terms in h’, A‘, ete. 


The corresponding maximum bending stress is 


Mc M 


The stress near the surface of the fillet must be a simple tension 
parallel to the surface so the bending stress S, at the outer edge O 
of the fusion zone must be accompanied by an equal shearing 


stress S, = S, as shown in Fig. 5 of this discussion. Summing 
components in the direction of S, 
AS, — (0.707)(0.707)AS = 0 
and solving for the normal tension S 
2M 
13 


which yields results about 40 per cent greater than the author’s 
Equation [16]. The only difference in case the load is a force P, 
is in the substitution of PL for M, whence 


which yields results about 40 per cent greater than the author’s 
Equation [18]. Equation [14] of this discussion is very much 
simpler in form than the author’s Equation [18], and it has a 
better technical basis. 

There are some interesting steps in the author’s derivation of 
his Equation [21] for maximum normal stress in longitudinal 
fillet welds subjected to bending. In the first place the section 
modulus for an axis inclined to the section is an unusual idea. 
In the second place this procedure leads to numerically incorrect 
results. Proceeding along more familiar lines, the section 
modulus of the two fusion zones next the support is, for both 
zones together 


c 6 3 
corresponding to maximum unit bending stress 
M PL 
[16] 


The stress near the surface of the fillet must be a simple tension S 
parallel to the surface, as shown in Fig. 5 of this discussion, ac- 
companied by vertical shear (perpendicular to the plane of the 
figure). The bending stress S, at the outer edge O of the fusion 
zone must be accompanied by an equal lateral shearing stress 
S, = S, as shown in Fig. 5 of this discussion. Summing com- 
ponents in the direction of S, and solving for the normal tension 
S as before 


which yields results 40 per cent greater than the author’s Equation 
[21]. 

The author’s Equation [26] is derived from his Equations [16] 
and [21] in a very clever manner but, unfortunately, both of 
these equations are incorrect so Equation [26] is of doubtful 
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value. It is probably better to proceed along familiar lines any- 
way. The section modulus of the fusion zone is 


(b + + 2h) — bY 


b + 2h 
‘ 


If h be regarded as relatively small, this expression may be 
expanded and simplified by dropping terms in h' and h‘. Then 
I bh 

c 3 
Using this value, the maximum bending stress on the fusion 
zone is 


Mc 3M 
I bh(3l + b + 4h) 
Calculating the corresponding normal stress S from Fig. 5 of this 
discussion 


S = 28, = - 

bh(3l + b + 4h) 
This Equation [19] is very much like the author’s Equation [26] 
in form but yields results about 40 per cent greater. 

The author’s Equation [32] also yields results which are about 
40 per cent in error. This is another case in which little is gained 
by departing from familiar methods of procedure. The section 
modulus about a diameter of a hollow circular section with an 
outside diameter (D + 2h) and an inside diameter D, as shown in 
Fig. 15 of the paper, is 


(D+2h) 4 


«Dh 
c 32 


The first term, alone, corresponds to the value used by the 
author. 

The maximum bending stress on the fusion zone is then 


aDh(D + h) 
corresponding to normal stress S from Fig. 5 of this discussion, 
or 


SM 


S = 2, ......... 20) 

#Dh(D + h) 
which yields results 40 per cent greater than the author’s Equa- 
tion [32]. 

The author’s Equation [37] is derived from his Equation [3) 
which yields results 40 per cent too low. Therefore, Equation 
[37] of the paper should be corrected to read 

2P 


(21 


To summarize the discussion, the writer recommends the follow- 
ing, after corresponding changes have been made in Figs. 19, 20, 
21, and 22 of the paper: 

For calculating stress in a lap joint with a single transverse 
weld, substitute the writer’s Equation [1] for the autbor’s Equa- 
tion [3]. 

For calculating stresses in welds on one side of a plate in ten- 
sion and in which bending is prevented, substitute the writer's 
Equation [2] for the author’s Equation [4]. 

For calculating stresses in welds on one side of a plate in which 
bending is carried by the weld, substitute the writer’s Equatio® 
[4] for the author’s Equation {6}. 
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For transverse welds on both sides of a plate in tension, sub- 
stitute the writer’s Equation [6] for the author’s Equation [8]. 

For calculating stresses in double-welded laps joints, sub- 
stitute the writer’s Equation [7] for the author’s Equation [9]. 

For double transverse welds in bending, sabstitute the writer’s 
Equation [13] for the author’s Equation [16], and also the 
writer’s Equation [14] for the author’s Equation [18]. 

For double longitudinal welds in bending, substitute the 
writer’s Equation [17] for the author’s Equation. [21 }. 

For transverse and longitudinal welds subject to bending, 
substitute the writer’s Equation [19] for the author’s [26]. 

For a ring weld at the end of a circular bar in bending, substi- 
tute the writer’s Equation [20] for the author’s Equation [32]. 

For butt weld with cover plates attached by transverse welds 
and subject to tension, substitute the writer’s Equation [21] for 
the author’s Equation [37]. 


AUTHOR'S CLOSURE 


The author pointed out in the paper! that there was a surprising 
lack of agreement among authorities in regard to the proper 
method of making stress analyses. Also, he pointed out that 
many of the equations given were those that are now commonly 
accepted by the trade and that they were only approximate equa- 
tions justified because of their fair agreement to actual test re- 
sults. In other werds, if the tensile strength of the weld metal 
is known, the ultimate strength of the welds, ealeulated from the 
formulas given, should give results approximately equal to the 
ultimate strength of the weld metal. 


N | N | 
T= .707N T 
(a) (b) 
Fic. 6 


Mr. Perkins has criticized the formulas in the writer's paper 
and has in turn developed formulas also open to criticism. 

Referring to the determination of the stress in a simple fillet 
weld Mr. Perkins has used a free-body diagram, as shown in 
Fig. 6a of this discussion which assume the plates to be in con- 
tact. If there is a force T present, there must also be a friction 
torce f present as shown in Fig. 66 of this discussion. The value 
of the frietion foree may vary over a wide range, depending upon 
the surface conditions of the plates. If the friction foree is as- 
sumed to be '/, 7, then the equation for the weld stress will be: 
P = (1/4) + 0.707N, where T = 0.707N. Therefore, P= 
0.707N (1.25), or N P/{(0.707) (1.25) |. The stress So = 
N/0.707hL = P/{(0.707)2hl (1.25) or 


Equation [22] of this discussion is in closer agreement with Equa- 
tion [7] of the paper than it is with Equation [1 | of this discussion 
as given by Mr. Perkins. 

Another method of analysis has been used by L. W. Schuster’ 
Which consists of resolving the foree P into tangential and normal 
components, as shown in Fig. 7 of this discussion, and assuming 
the resultant principal stress at the weld throat to be the critical 
Stress.* If it were assumed that the welded plates are not in 
Contact with each other so that the foree 7, which is shown 
in Fig. 6 of this discussion, is not present (this case sometimes 

“British Engine, Boiler, and Electrical Ins. Co., Technical Re- 
port for 1928," by L. W. Schuster, pp. 26-30. 

‘Computing Fillet Weld Stresses,” by C. H. Jennings, Welding, 
vol. 2, February, 1931, pp. 101-104. 


Calif. 
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occurs in practice) then the stress at the weld throat wil be 
«1.618 P 


. [23] 
Al 


This equation compares closely to Equation [22] of this dis- 
cussion, and does not differ greatly from the conventional equa- 


tion S = 1.414 P/hl. 

As mentioned before, all of 
Q=Psm4se these equations are only ap- 
proximations. Consequently, 

p« fr the choice as to which one to 
* use depends upon their agree- 
acetal ment with actual test results. 
Fic. 7 Tests made on fillet welds de- 


posited with bare type elee- 
trodes that produce weld metal with an ultimate strength of 55,000 
lb per sq in. and 10 per cent elongation in 2 in. are given in Table 
1 of this discussion. 


TABLE 1 TENSILE TESTS ON FILLET WELDS 


Ultimate Stress lb per sq in. 


load, Ib L4l4P 1.618P 2? 

Size of welds 2P hl Al 
X in. 44600 50700 57800 71400 
/y X 2'/2 in 42800 48400 55500 68500 
X 2/2 in 39500 44800 51200 68100 
/y X 2'/2 in 47700 56400 64400 79500 
2/2 in 41200 46600 53200 65900 
Average 49400 56400 69600 
X 60700 50900 58400 72000 
3/3 X 2'/ein 57800 48500 55500 68500 
3/5 K 2'/ein 56200 47100 53800 66500 
3/5 in 54800 45800 52500 65000 
in. 60100 50400 57600 71300 
Average ‘ 48500 55500 68700 

Nore: All welds had very good fusion. 


From these data it is seen that the author’s proposed equation 
S = 1.414 P/hl gives fairly good agreement, Mr. Perkins’ 
equation S = 2 P/hl gives quite high results, while the third 
equation S = 1.618 P/hl gives the closest agreement. 

The fact that the conventional equation S = 1.414 P/hl gives 


close agreement to test results and is used almost universally in 


this country for computing stresses in fillet welds there seems to 
be justification for its continued use, even though the third 
method discussed appears to be more accurate. 

Considering the other equations discussed by Mr. Perkins it 


will be noted that although a different method of analysis was 
used in many ¢ases the results obtained always varied by about 
40 per cent. 
to analyze the simple fillet weld the results obtained in both 
cases would have been essentially the same. 


In other words, if a similar method had been used 


The author greatly appreciates Mr. Perkins’ discussion be- 


cause it indicates that some serious thought is being given to the 
problem and it is only in this way that a standard method of 
calculating weld stresses can be developed. 

Experimental Determinations of the 
Flow Characteristics in the Volutes 


of Centrifugal Pumps' 


A. J. Sreranorr.? The results of tests presented in this paper 


are of particular interest, because they were based cn large-sized 
modern high-efficiency pumps. 
tions on centrifugal pumps have dealt with such small obsolete 
designs that conclusions based on tests have been entirely mis- 


A great many previous publica- 


1 Published as paper H YD-58-4, by R. C. Binder and R. T. Knapp, 
in the November, 1936, issue of the A.S.M.E. Transactions. 

2 Assistant Chief Engineer, Byron Jackson Company, Berkeley, 
Mem. A.S.M.E, 
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leading, and certainly were of little interest to the commercial 
designer of centrifugal pumps or to the industry. 

The writer does not agree with the authors in some of their 
analyses and conclusions. For instance, the explanation of two 
peaks in the velocity distribution across the volute at the impeller 
discharge by the pumping effect of the outside walls of the im- 
peller shrouds, seems unreasonable, and the improvement of 
pump efficiency by such “energy pump” is hardly possible. It 
should be remembered that all low-velocity water in the space 
between the impeller and case walls, which is acted upon by the 
impeller shrouds, comes from high-velocity and high-pressure 
sections of the volute into the low-velocity and low-pressure 
region at the case wearing ring. Thus, no recovery of the 
velocity into pressure takes place, and hence there can be no 
question that circulation of water in the space between the 
impeller shrouds and pump case results in a net loss of energy. 

Higher efficiency of pumps, with larger clearances between the 
case walls and impeller shrouds in modern pumps, is accounted 
for by the use of more efficient impeller profiles with less abrupt 
change in the direction of flow in the impeller, requiring wider 
volute cases. Also, it has been proved by special tests that the 
losses at the impeller discharge are smaller when discharging into 
a body of revolving water than against the stationary walls of the 
pump casing. The greater clearances between the case and 
impeller also have the advantage of the possibility of using 
several impellers of different widths and diameters in the same 
case. 

As far as the disk-friction loss is concerned, Le Conte’s*? and 
Gibson’s‘ tests tend to prove that this loss is greater with larger 
clearances. 

The following explanation of the two peaks in the velocity 
distribution at the impeller discharge across the volute is sug- 
gested: 

It has been pointed out by several investigators that in a 
centrifugal-pump impeller there is circulation within the impeller 
channel superimposed on the outward flow through the impeller. 
With nonviscous fluids, as a result of the impeller rotation, only 
relative circulation within the impeller cells will result, and no 
head will be produced. With actual liquids, the more this cir- 
culation is suppressed by the impeller walls and vanes, the higher 
is the head produced by the impeller. Thus, impellers with a 
greater number of vanes generate higher heads. Also, for the 
same impeller diameter and number of vanes, narrow impellers 
will develop a higher head than wide impellers. Since the centri- 
fugal component of the total head is the same for all points of the 
same diameter, this extra head can be only in the form of kinetic 
energy. The two peaks in the velocity distribution at the im- 
peller shrouds are caused by the stabilizing effect of the shrouds 
on the flow in the impeller, whereby the circulation within the 
impeller channel is suppressed to a greater degree at the shrouds 
than at the middle of the impeller. 

As an illustration of this point of view, the writer can mention 
some tests performed at the plant of the Byron Jackson Company 
on double-suction, horizontally split pumps. One test was con- 
ducted on a 36 in. pump which had an impeller diameter of 42 in., 
and a width of 12.5in. The other test was conducted on a 10-in. 
pump which had an impeller diameter of 11 in. and a width of 
2.25 in. Both of these impellers had the middle impeller wall 
extended to the full diameter of the impeller. The velocity dis- 
tribution across the volute had three clearly marked peaks. 
Evidently the middle peak cannot be explained by the pumping 
effect of the outside impeller shrouds. 


3 “Hydraulics,” by Joseph N. Le Conte, McGraw-Hill Book 
Company, New York, N. Y., 1926, p. 333. 

4“*Hydraulics and Its Applications,’’ by A. H. Gibson, D. Van 
Nostrand Company, Inc., New York, N. Y., 3d edition, 1925, p. 190. 
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The uniform velocity distribution between the impeller vanes, 
as shown in Fig. 10 and Fig. 14 of the paper, seems improbable, 
particularly for a low-capacity point, when a considerable portion 
of the power input is wasted in turbulence. In modern high- 
efficiency pumps, impeller-vane tips at the discharge are made 
nonactive, or are so shaped that no head is generated by this 
portion of the vanes, thus providing a short transition path from 
the impeller to the volute where velocity can equalize. However, 
there is sufficient evidence, such as impeller pitting, wear marks, 
and reliable pressure-distribution tests,> within the impeller chan- 
nels, to indicate that there is more velocity variation within the 
impeller passages than was recorded in the authors’ tests. The 
causes for possible inaccuracy of observation were pointed out by 
the authors. 


(Discussion following was submitted jointly with the discussion 
of the paper by R. T. Knapp.®) 


G. F. Wisuicenvs.’? The writer has had the good fortune to 
witness at close range part of the research work which has been 
reported by the authors and later has been able to observe how 
grateful the pump industry is for investigations of this type. 
This industry has been puzzled for considerable time about 
mechanical failures of centrifugal pumps such as broken shafts 
and excessive wear on stuffing boxes and wearing rings. In most 
of these cases it becomes apparent that the pump was operated 
under conditions which, according to results obtained at the 
laboratory of California Institute of Technology, would yield high 
unbalanced forces acting radially on the impeller. The remedy 
first tried for such conditions was the use of so-called twin volutes, 
i.e., two volutes starting at 180 deg. from each other. The 
splitting up of the waterways, however, tended to decrease the 
efficiency of the pump. The Worthington Pump & Machinery 
Corporation therefore introduced the principle of staggering 
volutes of multistage pumps which had the effect of reducing the 
effective bending moments to such an extent that their influence 
can be neglected. 

This remedy, however, is of course not applicable to single- 
stage pumps, and it is in connection with the latter type of 
pumps where the investigations of the California Institute of Tech- 
nology laboratory can be expected to have a lasting influence on 
the future designs, because these experiments eventually will 
yield a reliable basis for the numerical prediction of the magni- 
tude and direction of such forces. 

At the present time the problem of these forces appears to be 
the most important, but by no means the only one, for which the 
designer hopes to obtain an answer from the investigations at the 
California Institute of Technology. The velocity distribution in 
the volute is of much more general importance, and up to now the 
designer has been forced to make certain assumptions concerning 
this matter, the hypothetical character of which could not be 
doubted since the present state of hydrodynamics does not allow 
describing the flow conditions in a centrifugal pump by theoretical 
means. For example, it would seem very desirable to extend the 
investigations so as to cover the velocity distribution in radial 
sections through the volute as a function of the rate of discharge. 

It is safe to say that the work described in the two preceding 
papers,’* if considered as a whole, constitutes a complete 


5 ‘Fundamental Research on the Distribution of Water Pressure 
in a Centrifugal Pump Impeller,” by §. Uchimaru, The Journal of 
the Faculty of Engineering, Tokyo Imperial University, Tokyo, Japa. 
vol. 16, no. 6, September, 1925, p. 157. ’ 

Hydraulic-Machinery Laboratory at the California 
tube of Technology,” by R. T. Knapp, Trans. A.S.M.E., vol. 58, 
November, 1936, paper HYD-58-5, p. 663. 

7 oe Pump & Machinery Corp., Harrison, N. J. Ju2 
A.S.M.E. 
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success, and it is only to be hoped that it is but the beginning of 
further investigations of the same type. It is exactly this kind of 
research work which is most urgently needed by the designer, 
referring this time particularly to the increased accuracy of pump 
tests of the usual kind which reveal facts not detectable by ordi- 
nary test-stand experiments. Merely as an example the writer 
should like to call attention to the possibility of distinguishing 
clearly between the very first beginning of cavitation and the 
final cavitation breakdown. Furthermore, it is to be expected 
that many phases of the technique of measurement, as well as 
control of operating conditions which were newly developed at the 
California Institute of Technology, will serve as precedent for 
future developments in scientific as well as commercial test-stand 
practice. 


Avutuors’ CLOSURE 


The authors find it difficult to accept all of Dr. Stepanoff’s 
alternate explanations of the experimental observations. In the 
first place, they fail to see the force of the argument tending to 
show the impossibility of a contribution to the useful work of the 
pump from the flow in the clearance spaces between the impeller 
and the case. For example, if a balance is made of the energy in 
the flow entering and leaving the clearance spaces across the 
cylindrical surface which passes through the measuring-tube 
stations, it will be found that the energy content of the outflow is 
greater than that of the inflow. Therefore, the conclusion ap- 
pears inevitable that energy is delivered to the volute from these 
clearance spaces, irrespective of the previous history of the fluid 
which serves as the energy carrier. The authors do not intend to 
imply that this energy contribution to the volute is equal to that 
imparted by the impeller shrouds to the fluid in the clearance 
spaces, but merely wish to suggest that a small part of it may be 
delivered to the volute instead of being dissipated in friction 
within the clearance spaces themselves. Thus, as Dr. Stepanoff 
points out, the circulation of the fluid in these spaces must result 
in a net loss of energy. He has also called attention to several 
reasons why modern pumps with larger clearances have higher 
efficiencies. The authors simply propose that the circulation in 
the clearance spaces makes one additional contribution to this 
improvement. 

Dr. Stepanoff refers to Le Conte’s* and Gibson’s‘ tests to show 
that the disk-friction loss itself should be greater with larger 
clearances. The authors feel that there is a possibility of a fallacy 
in the extrapolation of these tests to the performance of an actual 
centrifugal pump. In the disk-friction tests there is no possibility 
of utilizing any of the energy imparted to the fluid by the disk; 
therefore, it is all loss. In a centrifugal pump this is not neces- 
sarily so, since some of it may be converted to pressure energy in 
the volute. In this connection, it should not be forgotten that 
there are two steps necessary in the phenomenon of disk friction: 
First, the imparting of kinetic energy to the fluid by the rotating 
disk; and, second, the transformation of this mechanical energy 
into heat through fluid friction. 

It would be easier to accept the writer’s explanation of the 
double peak velocity distribution as its sole cause if it were not 
for the fact that the phenomenon apparently extends over a 
width greater than that of the impeller discharge, thus indicating 
that some of the flow must come from the clearance spaces. Also 
a detailed consideration of the relative exit angles show their dis- 
tribution to be quite different from that which would be caused by 
& superimposed circulation within the impeller. On the other 
hand, there is no reason to suppose that this possible impeller 
Circulation does not contribute substantially to the peaked distri- 
bution observed. 

The authors agree with Dr. Stepanoff that the relatively 
uniform velocity distributions between the impeller vanes shown 


in Figs. 10 and 14 of the paper seemed improbable before the 
measurements were made. On the other hand, if all due allow- 
ance is made for possible experimental inaccuracies, it is still 
necessary to conclude that the velocity is comparatively constant 
during the time required for one impeller passage to pass a given 
measuring station. Dr. Stepanoff is particularly concerned by 
this condition for low-capacity conditions during which, as he 
states, a considerable portion of the power input is wasted in 
turbulence. The authors believe that if the indications of Fig. 18 
of the paper are considered, the tremendous variation in flow in a 
given passage during one complete revolution will offer ample 
opportunity to dissipate the necessary amount of energy. They 
also believe that this variation of velocity with position must be 
taken into account when the experimental evidence of impeller 
pitting, wear marks, and pressure-distribution tests within the 
impeller channels are evaluated. 

The authors agree with Dr. Wislicenus that it would be highly 
desirable to have available more extensive investigations on the 
velocity distribution in the volute and it is definitely planned to 
extend this work in the near future. It is felt that much remains 
to be done before the flow conditions in centrifugal pumps and 
tubines will be completely understood, and it is hoped that this 
laboratory will be of service in this field of hydrodynamics. 


The Hydraulic-Machinery Labora- 
tory at the California Institute 
of Technology’ 


Ep S. Smiru, The writer personally witnessed the opera- 
tion of instruments in the laboratory described by the author. 
He congratulates all sharing the responsibility for the develop- 
ment of the laboratory and for having created a unique tool of 
unparalleled accuracy for its highly specialized purpose. It is 
urged that this same group create a second and smaller laboratory 
of similar design, but make it one that could be adapted to general 
rather than specialized use. Such a laboratory would be inval- 
uable to industry as well as for research, but, to be of greatest 
usefulness, it should be located more centrally (with regard to 
industry) in the country. Its relatively small cost could be 
liquidated within a reasonable period. 

A small dynamometer, say 50-hp rating, would be suitable 
for testing the more common sizes of pumps, hydraulic motors, 
and complete hydraulic power-transmission units, using a moder- 
ately viscous oil as the hydraulic medium. The cost of instru- 
ments should also be comparatively small since they would be 
substantial duplicates of those already developed. Such a labora- 
tory would be especially useful for providing the data needed 
on power-transmission units having pumps or hydraulic motors 
of the rotary-piston, or gear, type. 

These extremely flexible and efficient hydraulic power-trans- 
mission units occupy a key position in industry by bridging the 
gap between the efficient but continuously running, constant- 
speed a-c motor and equipment that must operate either at 
variable speeds or intermittently; they are used for presses, 
elevators, machine-tool drives, rudder controls, and servomotor 
drives generally, as well as for transporting the fluids themselves. 

Although the overall efficiencies of hydraulic power-transmis- 
sion units with modern pumps or hydraulic motors of the rotary- 
piston type are readily established or checked by field tests, it is 
the writer’s belief that there are wide differences between the 


1 Published as paper HY D-58-5, by R. T. Knapp, in the November, 
1936, issue of the A.S.M.E. Transactions. 

? Hydraulic Engineer, C. J. Tagliabue Manufacturing Company, 
Brooklyn, N. Y. Mem. A.S.M.E. 
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relative efficiencies of pumps and hydraulic motors reported by 
various manufacturers; some reporting higher pump than motor 
efficiencies and others vice versa. While there is evident reason 
for a lower efficiency of a gear-type hydraulic motor than for the 
same unit used as a pump, this does not seem to justify the present 
reported differences between pump and motor with modern 
rotary-piston units making liberal use of antifriction bearings. 
From tests within the writer’s experience, he considers that the 
probable cause of these discrepancies is the use of Bourdon-type 
pressure gages on such tests. These are generally chosen with a 
low enough maximum to give an open scale that facilitates ac- 
curate reading during the test period. With such a low maximum, 
gages are unduly sensitive to the continuous and high-frequency 
pressure pulsations inherent in these high-speed high-pressure 
piston-type units. Such gages are also as likely to be thrown out 
of calibration by severe shocks from surges when changing speeds 
as when starting and stopping. Since the use of pulsation-throt- 
tling devices may cause inaccurate gage indications, it seems 
necessary to use a gage, if of the Bourdon type, having a scale 
maximum of from two to three times the normal working pressure 
to be reasonably sure of having the initial gage calibration main- 
tained during any test of reasonable duration. Also, the sturdier 
gage made for higher pressures is generally needed to stand the 
usually severe mechanical vibrations existing in such high-pres- 
sure transmissions. Even with such gages it is desirable to remove 
the stop peg at the scale zero or to shorten the hand enough so 
that it clears the peg when pressure suddenly drops from a high 
value. 

Pressure-weighing scales, such as those in the laboratory at 
the California Institute of Technology, promise to make possible, 
perhaps for the first time, reliable and accurate tests of mechani- 
cal efficiencies of rotary-piston pumps and hydraulic motors. 
The equipment in the proposed laboratory should be built for 
working pressures up to at least 3000 lb per sq in., and have 
means for accurately measuring the heat removal necessary to 
maintain hydraulic power-transmission units at predetermined 
temperatures. It should also include the accessory instruments 
for determining precisely the pertinent physical properties of 
the hydraulic medium under actual working conditions. 

Fig. 29 of the paper presents coefficients for a nonstandard 
venturi meter that would raise a question as to the absolute 
accuracy of results obtained in this laboratory were it not for 
the decidedly unconventional nozzle forms used in the approach 
section and the lack of straightening vanes and/or other means 
upstream of the tube to insure normal turbulence and velocity 
distribution, especially at lower values of the Reynolds number. 
Pitot traverses are indicated. Incidentally, (1) is this Reynolds 
number based on the conditions at the inlet or throat of the tube? 
(2) Is not the coefficient of the figure actually the product of 
the friction coefficient (customarily used) by the correction for the 
approach velocity? Offhand, it would seem desirable to increase 
the surface roughness of the approach to the throat enough to 
obtain a flat coefficient over the range of Reynolds numbers 
shown in Fig. 14 of the paper, a modification that decreases the 
error due to any flow abnormality likely to occur in this instal- 
lation. In this connection, it may be remarked that the spread of 
coefficients for a given venturi tube is generally less than for 
other differential producers. 


AUTHOR’S CLOSURE 


The author agrees with Mr. Smith that much inaccuracy in 
pump tests of all kinds is due to the use of Bourdon-type pressure 
gages. It is the author’s opinion that a definite step forward 
will be made in the moderate-pressure and high-pressure fields 
by the adoption of the pressure-weighing technique in all re- 
search investigation where it is at all practicable. 


Mr. Smith calls attention to the unusual calibration curve 
shown in Fig. 29 of the paper for the 12-in. venturi meter and 
states that if it were not for the decidedly unconventional con- 
struction this would throw a question on the absolute: accuracy 
of the laboratory results. In this regard the author again wishes 
to point out that the venturi meters were not the primary stand- 
ards of quantity measurement for the laboratory. This rdéle 
was taken by the volumetric measuring tanks. Their accuracy 
is not open to question. The venturi meters were frequently 
calibrated in place and thus furnish reliable working standards 
The Reynolds number used in Fig. 29 of the paper is based on 
the conditions at the throat of the tube, and the coefficient is ¢ in 
the equation 


2gh 


q=cA, 


where A, is the cross-sectional area at the throat, sq ft; A, is 
the cross-sectional area at the upstream piezometer; h is the 
differential head, ft of water; q is the discharge, efs; and c is 
the venturi coefficient of discharge. 

In conelusion, the author would take issue with Mr. Smith's 
remark that the laboratory is “highly specialized.’ The au- 
thor feels that this as a misconception of the laboratory possi- 
bilities. It is certainly true that up to the present the work 
has been of a highly specialized nature, but in the closing para- 
graphs of the paper the author tried to point out the wide scope 
of investigations possible in the future by means of the use of 
the laboratory equipment now available. 


A Study of Cutting Fluids Applied 
to the Turning of Monel Metal! 


Mavrice Reswick.? In paragraph 6 of the conclusions, the 
authors state that the emulsion is entirely satisfactory as a cut- 
ting fluid for turning monel metal. A large portion of machine 
work on monel metal is done on automatic screw machines, and 
it has been the experience of most shops that emulsified oils 
produce excessive gumming which interferes with the proper 
operation of these machines. The use of sulphurized mineral 
oils on such machines is therefore a necessity, notwithstanding 
their tendency to stain the metal. It would be of much interest 
to see a curve showing the relation between cutting speed and 
tool life based on turning monel metal using mineral oil com- 
pounded with fats, such as lard oil, for the cutting fluid. Such 
cutting oils, although less efficient than sulphurized oils from the 
standpoint of tool life, have an advantage in that they do not 
stain the metal and usually produce a finer surface finish 

From former experiments performed by Professor Boston and 
his associates on S8.A.E. 3140 steel, it appears that tool life in- 
creases progressively with the three types of cutting fluids men- 
tioned in the following order: Mineral oil compounded with fats, 
soluble oils, and sulphurized mineral oils. From the standpoint 
of surface finish, mineral oils compounded with fats come first, 
sulphurized oils second, and soluble oils last. No doubt the same 
general conclusions apply to monel metal. 

In paragraph 8 of the conclusions, referring to Fig. 6 of the 
paper, it is pointed out that all component cutting forces are 
higher when water emulsions are used as the cutting fluid than for 
sulphurized mineral oil, indicating that the power consumption 
of the machine, and therefore the heat generated at the point 0! 


1 Published as paper MSP-58-10, by O. W. Boston and W. W. Gil- 
bert, in the November, 1936, issue of the A.S.M.E. Transactions. 

2 Lubrication Engineer, Standard Oil Company of New Jersey: 
New York, N. Y. Mem. A.S.M.E. 
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the tool, is greater with soluble oils. The satisfactory tool-life 
obtained in the tests with water emulsions is evidently due to the 
greater cooling action of the oil-in-water emulsion. 

The criterion established by Professor Boston to evaluate the 
relative efficiencies of cutting fluids and machinability of metals 
in terms of cutting speed versus tool life is, in the writer’s opinion, 
the closest approach yet attained in reproducing actual machine- 
shop conditions on a laboratory seale. As yet, however, the re- 
sults of these experiments should be considered as being indica- 
tive only, since they are carried out under carefully controlled 
laboratory conditions, with most of the disturbing factors met in 
the average machine shop eliminated. Performance under ac- 
tual conditions in each particular instance still remains the final 
proof of merit of cutting fluids. 


JosePH GESCHELIN.’ This paper is important not only be- 
cause of its influence upon the machining of monel metal but in 
the broader sense because is contributes still another link in the 
fundamental research on the utilization of cutting fluids as well 
as on the design of cutting tools. ; 

Despite the good work of the A.S.M.E. Subcommittee on 
Cutting Fluids, there still remains considerable work to be done 
in drawing attention of all metal-cutting establishments to the 
importance of the proper selection and utilization of cutting 
fluids. The larger establishments are conscious of the problem 
and are working on it constantly; although, even in these estab- 
lishments there is room for progress. 

Viewed broadly, the utilization of cutting fluids should proceed 
along two parallel lines—one, the immediate commercial develop- 
ment which must be carried on to satisfy the needs of metal- 
cutting establishments, and two, a definite program of funda- 
mental research. The latter has been ably handled by Professor 
Boston and his associates, and it is hoped that he will be able to 
carry this work to a definite conclusion. 


AvuTHORS’ CLOSURE 


Mr. Reswick raises a question as to the proper cutting fluid 
for machining monel metal in an automatic serew machine. 
The authors stated in the paper that for the proper shape of cut, 
that is, a deep thin cut, an emulsion will give a higher cutting 
speed for a given tool life than the sulphurized mineral oil or 
dry cutting. Even for a comparatively shallow thick shape, 
the emulsions are superior to the sulphurized mineral oil when 
cutting at comparatively low speeds to give a tool life above 
30 min. It was pointed out, however, that in turning the monel 
metal with a single-point tool the sulphurized mineral oil caused 
the chips to break up more satisfactorily, which is an advan- 
tage, but that the monel metal was stained by sulphur in the oil, 
which is a disadvantage. 

* Detroit Technical Editor, Chilton Company, Detroit, Mich. 


Naturally, if an automatic serew machine were to be used, 
presumably not only the lubrication of the machine, but in ad- 
dition the types of cuts should be considered. Tapping and 
threading are usually done in this class of work, and the material 
is turned with forming tools. These are questions quite out- 
side the scope of the paper. It would seem advisable, however, 
to use the sulphurized mineral oil in view of the threading, the 
lubrication, and the satisfactory operation of the forming tools. 
The authors are not in a position to furnish Mr. Reswick with 
an additional cutting-speed tool-life curve in which a mineral 
oil compounded with fats, such as lard oil, is used. As stated 
in the paper, there was insufficient material available to carry 
on more tests than those that are actually covered in the re- 
port. 

Mr. Reswick raises the question as to the influence of the cut- 
ting fluid on finish, referring to results previously obtained when 
turning an S.A.E. 3140 steel. The authors feel that in turning 
cuts the finish on the work is influenced in only a small way by 
the cutting fluid used. Material is being accumulated along this 
line, and it will be the subject of a paper to be written in the 
near future. To secure finish, the items essential are (1) a 
small-size cut, (2) a tool with high rake, (3) high cutting speed, 
and (4) an appropriate cutting fluid. The authors believe that 
the cutting fluid itself has the least influence. Naturally, where 
low speeds are encountered, as in threading and reaming, factors 
other than speed become of greater importance. 

Mr. Reswick has also raised the question of power versus tool 
life. The authors have found that, as a result of a wide variety 
of tests, the value of cutting force, when using a given cutting 
fluid, is not a satisfactory basis to predict tool life when using 
the same cutting fluid. In some instances it has been found 
that the cutting speed for a given tool life, under otherwise con- 
stant conditions, varied directly as the cutting force. That is, 
when the cutting force is highest for a given set of oils, the cut- 
ting speed for a given tool life is also highest. This is just the 
opposite of what might be expected. At the same time data are 
available for specific cases which show the cutting speed for a 
given tool life to vary inversely with the cutting force. The 
interrelation of finish, cutting force, and tool life is naturally of 
great interest to one engaged in metal-cutting operations. There 
appears to be no consistent relation between any two of the 
three. Undoubtedly, a great deal of research work still must be 
done to solve the riddle and thereby make it possible to pre- 
determine cutting conditions to give the most satisfactory re- 
sults. 

As Mr. Geschelin points out, fundamental research and com- 
mercial practice should go hand in hand. It is believed that 
the commercial use of cutting fluids can be improved to a very 
great extent by the accumulation of fundamental data relating 
to the selection and application of cutting fluids. 


; 
le 
\ 
n 
is 
- 
q ring: 
Is 4 
‘4 
re 
of 
t- 
q 
4 
ils 
er 
al 3 
ng 4 
st 
ad 
ch 
he 
ot 
id : 
n- 
ts, 
nt 
st, 
ne 3 
he 
re 
or 
on 
ol 
vile 
ey: 


en 
4 
ra 
vee 
ot! 
wh 
an 
de 
| 
ra 
in 
| 
Pas 
h 
| 
| 
| 
{ 


PRO-59-5 


Rubber Cushioning Devices 


By C. F. HIRSHFELD,' DETROIT, MICH., anv E. H. PIRON,? NEW YORK, N. Y. 


This paper describes briefly the production of com- 
pounded rubber which is the material commonly used by 
engineers and others under the name of rubber. The wide 
range of physical properties obtainable by different com- 
pounding and different curing is indicated. 

Springs of steel and springs of rubber are compared with 
respect to certain important characteristics and the con- 
clusion drawn that neither can completely replace the 
other for springing purposes. There are applications in 
which one or the other gives the better or the only solution 
and there are other cases in which either may be used. 

Various types and forms of rubber springs are described 
and illustrated and methods available for calculation and 
design are given. 

Finally certain applications of rubber to the springing of 
rail vehicles are described and their results are illustrated. 


UBBER has long been known as a more or less mysterious 
substance of almost unbelievable potentialities. For gen- 
erations scientists have experimented with it and indus- 

trialists have made a wide variety of products from it. Within 
comparatively recent years it has become an important engineer- 
ing material. 

The earlier uses tended to concentrate attention upon the 
chemistry and the simpler physics of rubber. The literature of 
the subject is voluminous but almost entirely devoted to such 
subjects. The engineer finds its pages exceedingly interesting 
but of little practical value to him in the application of rubber to 
his purposes except in a few highly developed fields. 

It fell to the lot of the authors of this paper to be led into the 
use of rubber for mechanical purposes. They were forced to 
review available literature, to experiment with rubber in certain 
forms and for certain uses, and to cooperate with rubber manu- 
facturers toward the production of designs and materials adapted 
to their needs. In this way they acquired a certain working 
knowledge of the material and of its technology, which informa- 
tion is made available in this paper. It is not intended as a 
profound discussion or a highly technical production. It is hoped 
that it may be useful in conveying to other engineers a sufficient 
over-all viewpoint to enable them to deal intelligently with rubber 
manufacturers in promoting the wider engineering use of this 
remarkable material. 

' Chief of research department, The Detroit Edison Co. Mem. 
AS.MLE. Mr. Hirshfeld received the degree of B.S. in electrical 
engineering from the University of California in 1902, M.M.E. from 
Cornell University in 1905, and the honorary degree of doctor of 
engineering from Rensselaer Polytechnic Institute in 1932. Until 
1913 he served as a member of the faculty of Cornell University, then 
becoming associated with the Detroit Edison Company. 

Wa Engineer, Transit Research Corporation. Mr. Piron was born 
in Belgium and was graduated from Louvain University in 1896. 

He has specialized in the theoretical study of new industrial prob- 
lems and the application of their solution in practice in France, in 
Germany, and in Russia. He came to the United States in 1918. 
He joined the staff of the Transit Research Corporation in 1931. 

Contributed by the Process Industries Division and presented at 
the Semi-Annual Meeting of THe AMERICAN Society oF MEcHANI- 
CAL ENGrNeErs, held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1937, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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The material known as rubber is derived from a milky liquid 
obtained by tapping certain plants, varying from trees to creepers 
and vines. This exudate is known as latex. It is a complex 
material consisting of minute globules of rubber, resins, proteins, 
various organic and inorganic substances, and enzymes, suspended 
in a liquid known as serum. 

The rubber together with more or less of the other associated 
materials is separated from the serum by coagulation. This is 
produced in several different ways. When the latex is obtained 
from wild trees and other plants, the rubber is generally separated 
by dipping wooden paddles into the latex, holding them over a 
smoky fire until a solid-like material coagulates on the paddle, 
and then repeating this process time after time until sufficient 
amount of the coagulated material has been collected to form a 
merchantable lump or slab. When the latex is derived from 
plantation-grown trees, as is now generally the case, it is usually 
coagulated in flat pans by means of acetic acid and is marketed as 
sheets rather than lumps. These sheets are frequently washed 
and then dried in smoke houses at a temperature not in excess 
of 120 F. The smoking is continued for several days and results 
in preventing later fermentation of serum-borne materials 
trapped in the rubber during coagulation and not completely 
removed during the washing. 

These lumps, sheets, and similar material in other physical 
shapes form the raw rubber of commerce. They are the starting 
point for the great bulk of the rubber industry. In recent years, 
however, many processes have been developed for making rubber 
products directly from the latex. In the state in which it is drawn 
from the plant, latex has a tendency toward rapid deterioration 
similar to putrefaction. This is inhibited by alkalies, and latex is 
now commonly prepared for shipment by mixing a certain amount 
of ammonia with it. Naturally it must be shipped in closed con- 
tainers. 

The use of rubber is exceedingly old in at least one part of the 
world. Archeologists have found rubber balls in Mayan ruins. 
It is believed they were used in a game and possibly also as.sacri- 
ficial objects. In our own civilization the use of rubber may be 
said to have started late in the eighteenth century. It was then 
quite a curiosity. When it was found that it could be used for 
erasing marks by rubbing, it was given the name rubber by which 
we now know it. 

In 1823 one Charles Macintosh established in Glasgow, Scot- 
land, a factory for the production of waterproof coats and certain 
other products utilizing rubber. This is believed to have been 
the first industrial undertaking in the rubber field. It is 
interesting to note that this undertaking is still in existence in 
Manchester, England, to which city it was moved some time after 
its establishment. 

The commercial use of rubber was decidedly limited until it 
was discovered that when mixed with sulphur and heated in the 
presence of lead salts it underwent a peculiar transformation. 
This invention is generally attributed to Charles Goodyear and 
assigned to the year 1839, although not patented until 1844. 

The process was and is called vulcanization. It forms the 
foundation stone of the modern rubber industry. Very little 
rubber is used in what may be called its natural state. The great 
bulk is given a treatment corresponding to vulcanization. It is 
only through such treatments that the various properties required 
for different purposes and different applications can be imparted 


471 


q 
| 
q 
7 
4 


472 


to it. Rubber can be made to react with sulphur over a wide 
range of proportions. As more sulphur is taken up the properties 
change from those of the raw rubber through a complete series up 
to those of the hard rubber commonly known as ebonite. The 
most obvious effect of the reaction with sulphur is a stiffening of 
the rubber, using this term to mean a diminution of its tendency to 
behave somewhat like a viscous liquid and an increasing tendency 
to behave like an elastic solid. Hard rubber of the ebonite variety 
is obtained when something over 30 per cent of sulphur has 
reacted with or “combined” with the rubber. Commercial 
materials may contain any percentage of combined sulphur from 
this high figure down to as low as 1 or 2 percent. Material of the 
type used for such purposes as are considered in this paper will 
generally contain nearly 5 to 10 per cent or even more. 

A comparatively small part of the rubber goods of commerce is 
made by the simple process of vulcanization as originally used by 
Goodyear. Nearly all is compounded, that is, mixed with pig- 
ments and chemicals of various sorts in addition to the sulphur and 
the lead salts. Moreover, while sulphur is still the most commonly 
used vulcanizing agent, other materials, both organic and 
inorganic, have been found to produce similar results and are used 
for special products or special purposes. 

Further, it has been discovered that vulcanization can be pro- 
duced not only at elevated temperatures, as originally suggested 
by Goodyear, but also at room temperature by using certain 
gaseous and liquid compounds. It has also been discovered that 
many different materials act as accelerators, increasing the rate of 
reaction with sulphur and thus decreasing the time required for a 
given degree of reaction. 

The material which is commonly spoken of as rubber and which 
is used for various purposes in our modern civilization is not the 
raw rubber as coagulated from the latex. It is the compounded 
and vulcanized material. Hereafter in this paper, the word 
“rubber” will be used to designate such compounded and vulcan- 
ized substances. The combination “raw rubber’’ will be used to 
designate the material as received by the rubber manufacturer 
for processing. 


TECHNOLOGY OF RUBBER PROCESSING 


The technology of rubber processing is complicated in the 
extreme because of unavoidable variations in the raw material and 
because many different processes and many variations of individ- 
ual processes are used to obtain specific results. However, there 
is what may be called a common technology used for the produc- 
tion of a large fraction of the manufactured rubber output. This 
is conveniently divided into steps as indicated below. 

Washing and Drying. The raw rubber, particularly that 
obtained from wild plants, contains a certain amount of dirt and 
foreign matter as well as serum-borne materials trapped during 
the coagulation. It is customary to wash it with water and then 
to dry it to remove excess moisture. This washing is done in 
specialized equipment taking the form of wash kettles or wash 
mills. The drying is performed either in drying chambers at or 
near atmospheric temperatures or in vacuum-equipment. As 
has been stated previously, smoking is sometimes carried on in 
combination with drying. 

Mastication and Compounding. The washed material is 
squeezed, pulled, and torn apart in some sort of mill. This con- 
verts it from a fairly tough, rough, and somewhat springy mate- 
rial to a plastic, tacky mass. In this condition it takes up 
readily the many different materials that must be mixed with it to 
produce the desired qualities in the final product. These consist 
of such things as various metallic oxides such as lead oxide and 
zine oxide, carbon black in one of its many forms, sulphur, various 
vulcanization accelerators and, in many cases, antioxidants. The 

compounded rubber comes from these mills in batches and is 
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ready for such forming processes as may be necessary before 
vulcanization. 

Calendering or Sheeting. This or some equivalent process is 
commonly used after compounding. It is done by means of rolls 
which squeeze and roll the batch into long ribbons or sheets. 
These may then be cut into the desired shapes or they may be cut 
into pieces of convenient size for later processing. Variations of 
this process are offered by certain methods of extrusion by 
means of which long lengths of the desired cross section may be 
obtained. 

Vulcanization. For this purpose the rubber is frequently 
placed in metallic molds which enclose it completely. The molds 
are then placed in presses or equivalent devices which hold them 
together with a certain predetermined pressure. While in this 
position the mold and its contents are carried through a tempera- 
ture-time treatment which produces the desired degree of vul- 
canization. There are many variations of this step. It may 
even be performed without molds in some cases. In modern 
technology, the heat is nearly always supplied by steam and the 
temperature of vulcanization generally falls above 225 F and below 
300 F. The amount of sulphur with which the rubber combines 
is determined by the percentage in the mix, the kind and amount 
of accelerator, the temperature, and the time under treatment. 

Finishing, Inspecting, and Testing. When the vulcanization is 
complete the articles are removed from the molds or other devices 
in which they were vulcanized. Flashes resulting from flow into 
cracks or expansion chambers are removed if necessary. The 
articles are polished or otherwise finished if this is required. They 
are inspected for flaws of various sorts and, when necessary, for 
dimensions, and then tested to such extent as is required by the 
specification under which they are manufactured. 

The technology just described is particularly applicable to such 
products as are indicated by the title of this paper. There are, 
however, many cases in which it must be varied to a very great 
extent. This is well exemplified by cases in which compounded 
rubber is used in combination with fabric or cords of some sort as 
in the manufacture of pneumatic tires and garden hose. In such 
cases additional steps are involved. There is another large group 
in which the cleaned raw rubber is put into solution and processed 
out of solution directly into the required shape. This is generally 
followed by some sort of vulcanization treatment. 


CERTAIN PROPERTIES OF COMPOUNDED AND VULCANIZED RUBBER 


Comparison of the characteristics of rubber tubing, solid truck 
tires, and hard-rubber combs, all of which may be considered 4s 
compounded and vulcanized rubber, indicates immediately that 
wide variations of physical properties can be obtained. There 
are so many possible compounds and so many possible variation‘ 
in their treatment that it is indeed difficult to make sweeping and 
yet truthful statements of physical properties. For the purposes 
of this paper it is sufficient to restrict such statements to such 
materials as are used for vehicle springing and other similar 
mechanical purposes. 

Limiting the application to such materials, it may be said’ 

Rubber offers comparatively small resistance to change of shap 
under the action of small external forces. In the common or co 
loquial form of expression it is therefore said to be highly elasti¢. 
In the technical sense, the modulus of elasticity is of small nv 
merical value. For example, when strained in tension a compa!* 
tively small force is required to double its length. Values of tht 
modulus of elasticity, EZ, of the order of 100 to 400 are usual 0 
comparison with the 30,000,000 characteristic of steel. 

It is unique among materials used by the engineer in that 
permits deformations of relatively tremendous magnitude. !* 
the case of steel, extension within the elastic limit is exceeding” 
small. In the case of rubber, extension to double the origi®® 
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length is a common occurrence and it is a fact that many com- 
pounds can be stretched to five or six times the original length, 
some totentimes. They do not even approximately obey Hooke’s 
law in any part of the deformation; but, on the other hand, they 
are capable of complete recovery to the original length after the 
load is removed unless permanently damaged by incipient rupture. 
Its modulus of elasticity is low for tension, compression, and shear. 
It follows that it is deformed through relatively large distances by 
comparatively small forces in all three possible methods of 
loading. 

In spite of its low compression modulus, it is an almost incom- 
pressible material in the same sense that water is. Most com- 
pounds of the types here under consideration are only slightly more 
compressible than water under ordinary conditions. In fact some 
stocks are less compressible than water up to pressures of 10,000 
to 20,000 lb per sq in. This means that if completely enclosed 
it does not yield appreciably to compressive forces. As will be 
shown later, there must be free rubber surfaces to permit any 
great deformation under compression. 

It has to a great extent the characteristics of a liquid, for which 
Poisson’s ratio would be 0.5. The value of this ratio for rubber 
approximates closely 0.5 for small deformations. For very large 
deformations there is a marked departure from this value indicat- 
ing that the material departs more and more from the true liquid 
condition. When a sample is tested in tension and when Poisson’s 
ratio is determined in terms of the original dimensions, its value 
may vary from something of the order of 0.48 at the start to as 
low as 0.125 or 0.130 at an elongation of 500 to 600 per cent. 

When held under a constant load of the magnitude used in 
practical engineering work, compounded and vulcanized rubber 
undergoes a continuing deformation. The rate of deformation is 
rapid at first and then decreases gradually with time. Tests 
extended over periods of years indicate continued deformation at 
an ever-decreasing rate. There is no evidence that a condition of 
equilibrium would ever be reached. This continuing deformation 
under load has been called both “cold flow” and “drift.” This 
will be considered at greater length in a later section. 

It follows that the shape of the stress-strain graph obtained 
when testing rubber will vary with the rate at which the load is 
applied and with the total time during which the rubber is held in 
a strained condition. A very rapid application of load and an 
early release will produce the minimum deformation because of 
the comparatively short time during which drift can occur. 
Larger deformation for a given load can be obtained by slow 
application and long duration. 

The stress-strain graph obtained when unloading from such 
loads as are used in engineering work does not coincide with that 
obtained when loading. The graph obtained during unloading 
always subtends a smaller area than that obtained during loading. 
Interpreting the area under the graph obtained during loading as 
representing the work done on the material, it follows that it does 
hot return all this during unloading. As a matter of fact, the 
temperature of the rubber increases as rubber is successively 
carried through load-and-unload cycles, indicating that at least 
some of the energy not returned is converted into heat within the 
mass of the rubber. It appears that the greater part of the energy 
that “disappears” is accounted for in this way. This phenomenon 
is known as “hysteresis” or “elastic hysteresis” because of its gen- 
eral resemblance to magnetic hysteresis. 

There is another and closely associated phenomenon known as 
When a deformed specimen is unloaded it 


| does not immediately return to its original dimensions. The loop 


obtained when a complete stress-strain cycle is plotted does not 
Close. If the piece is allowed to rest in the unstrained condition 
twillultimately return to, or very close to, its original dimensions 


) \nless it has been permanently injured. The amount of the 
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elastic aftereffect and the length of time required for recovery 
vary tremendously with the type of compound and with the type 
of the loading and unloading cycle. Recovery may occur in a few 
minutes or in a few days depending on conditions. 

A further phenomenon which may be designated ‘‘accommo- 
dation to load”’ is of importance. If a sample of rubber is loaded 
and then unloaded as during normal testing in tension, compres- 
sion, or shear, and if this is repeated several times in succession 
each successive cycle will usually give results different from those 
of the preceding cycle. The rubber will be stiffest for the first 
cycle and successively less stiff for each succeeding cycle. The 
hysteresis loss will be greatest for the first cycle and successively 
less for each succeeding cycle. The elastic aftereffect will be 
greatest for the first cycle and successively less for each succeeding 
cycle. These differences will ordinarily persist to a measurable 
degree for from two to ten cycles, and sometimes for even a 
greater number. After that each cycle of loading and unloading 
will duplicate its predecessor provided the working of the material 
is not sufficiently severe to cause a continuing rise of tempera- 
ture. 

The elastic properties of rubber compounds are very sensitive 
to temperature. In the range between 0 F and 120 F, which for 
practical purposes is a comparatively narrow one, they frequently 
vary widely. The relations are quite complicated and exception 
can be found to almost any sweeping statement. In a general 
way it may be said that under increasing temperature in the 
range indicated: The rubber becomes softer, in the sense that a 
given load causes a greater deformation; the hysteresis loss 
decreases as though less internal friction had to be overcome; and 
the drift increases. 

The difficulty of making simple and sweeping statements with 
respect to rubber is well-illustrated by the first of these three. 
The statement is true ina gross way. That is, a load-deflection or 
stress-strain graph for one compound at say 80 F will lie below 
that for the same compound at 40 F when stress is plotted as 
ordinate and strain as abscissa. But, there is a curious and su- 
perposed phenomenon. If a pieceof rubber supportsa given weight 
in tension and suffers a particular elongation as a result, it may 
become longer or shorter if its temperature is raised. With most 
mixtures at very low degrees of extension, the rubber appears to 
lengthen with increasing temperature but over the greater range 
of extension it will shorten under such conditions. Under the 
latter circumstances the rubber actually becomes stiffer with 
rising temperature in the sense that a given load causes a lesser 
deflection at the elevated temperature. Such phenomena make it 
very necessary to measure and record the temperature of test 
specimens when dealing with rubber and also the rate of loading 
and unloading. 

By long usage it has become customary to test rubber in 
tension in the same way that it has become customary to test 
steel in tension. Accumulated experience makes it possible to 
judge many of the properties from the tensile test in both cases. 
The stress-strain graph obtained when testing steel varies with the 
character of the metal but always has a characteristic shape. 
When stress is plotted vertically the graph starts at zero with a 

straight line making a large angle with the horizontal. This 
gradually curves over to produce a curve running roughly parallel 
to the axis of abscissa and may even drop toward that axis before 
final rupture of the test specimen. 

In the case of rubber there is also a characteristic shape of 
stress-strain graph in tension but the possibilities of variation 
of this material are so great that the characteristic shape is 
not always attained. The shape that may be called the normal 
for rubber compounds is given in Fig. 1. Near the origin there 
is a very small part of this graph showing a rough approximation 
to proportionality between stress and strain but it curves over 


| 
is 
lls 
ts. 
ut 
of 
by & 
be 
tly 
Ids 
em 
his 
| | 
|| } 
| 
ic 


474 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


gradually to give a long smooth curve at a lesser angle to the about 120. If, on the other hand, corresponding stress and strain 
axis of abscissa and then turns up again, showing a marked stiff- values along the length of the graph be taken, the results tabu- 
ening in the sense that large increases of load produce compara- ulated in Table 1 are obtained. 


tively small deformations. The engineer accustomed to dealing TABLE 1 MODULUS OF ELASTICITY FROM FIG. 1 
with metals should note that the strains or deformations indi- Load (stress) Elongation 
cated frequently extend to beyond 600 per cent of the original Ib per eqin., — (steain) per cent, 
2 original original E 
length of the test specimen. 55 50 110.0 
137 200 63.5 
1000 198 300 66.0 
295 400 73.8 
490 500 98.0 
975 600 162.5 


It is evident that the methods of calculation generally used in 
connection with metal tests produce widely varying values of the 
modulus for a given specimen of rubber tested in tension. 
800 Failure to take account of the varying cross section of the rubber 
is at least partly responsible for the variation. It would be better 
to speak of the “apparent modulus of elasticity” or the “instan- 


S taneous coefficient of elasticity’? or some other indicative term 
o "a when referring to values for rubber. 
= Me An example of the variation that may be met when different 
co W”) 600 compounds come under consideration is furnished by comparing 
- - the results shown in Table 1 with those of Table 2 which apply to 
TABLE 2 MODULUS OF ELASTICITY 
Load (stress) Elongation 
x b per sq in., (strain) per cent, 
original original E 
a 80 25 320 
285 100 288 
wo > 400 490 150 327 
wn = 800 200 400 
Ww O 1070 225 475 
- 3 a different grade of rubber tested in tension. On the basis of the 
” “ slope at the lower end of the graph, Z for this material is 500. | 
200 
i 
200 400 600 ‘ 
STRAIN, % ELONGATION (STRETCH) 
Fig. 1. TypicaL Srress-STRaAIN GRAPH FOR COMPOUNDED RUBBER 7 
In TENSILE TEST : 
is 
This graph does not really tell a complete story because stress 4 P 
is plotted in terms of original cross-sectional area, as in the case of a 
metals in ordinary practice. There is a marked necking effect 
during tensile testing. It is somewhat similar to that obtained u 
when testing ductile metals. If the stress is figured for the actual P 
cross-sectional areas assumed as the test progresses, the graph e 
becomes much steeper than when put in terms of original area. d 
A magnification of 5 to 8 times in the vertical direction (depending igen [ 
on degree of elongation and the value of Phisson’s ratio) would not fr 
be uncommon. 
. 
In Fig. 2 are shown various forms that may be taken by the STRAIN ——> 
stress-strain diagram for rubber in tension. Thevariations may |. - 
be produced by different methods of testing, different constituents 2 VaRraTIoN IN 
in the mixture, different methods of vulcanization or cure, different te 
temperatures, different water content, and different elastic history It will be observed that in both cases the value of £ first de- Ww 
immediately preceding the test. creases and then increases. This must be true for all materials . 
The peculiar significance of the modulus of elasticity in tension _ giving a stress-strain record such as that illustrated in Fig 1. I he 
as used with metals, when used with respect to rubber, may be _ is only necessary, however, to look at some of the alternative he 
gleaned from the data indicated in Fig. 1. If the initial slope of | forms shown in Fig 2 to realize that this is not a universal char 
80 


the graph be used to calculate EZ, the modulus will be found to be acteristic. 
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These apparent moduli cannot be used for purposes of exact 
calculation, as in the case of steel and certain other metals. They 
are useful for certain approximate calculations intended to de- 
termine roughly the sizes and types that may be used for certain 
purposes and within certain dimensions. The calculated results 
should always be checked on samples of similar size and shape 
where the attainment of given load-deflection ratios is important. 

Compounded and vulcanized rubber of the type here under 
discussion is a poor heat conductor. The actual value of thermal 
conductivity varies considerably with the composition and treat- 
ment of the compound but is in the neighborhood of 0.1 Btu per ft 
per hr per deg F or lower, in comparison with about 26 for steel. 
It is of about the same order as that for cardboard and roughly 
about two to five times that characteristic of the common ther- 
mal insulating materials. 

It is a poor conductor of high-frequency vibrations and is thus 
a poor conductor of sound throughout the audible range as well 
as of mechanical vibrations near the lower end of the audible 
sound range. This will be considered at greater length in a later 
section. 

It has a comparatively high coefficient of thermal expansion. 
This also is quite variable depending upon the mixture and char- 
acter of cure. But there is also another peculiar phenomenon. 
As the temperature is raised from very low subzero values a 
critical temperature is finally reached. At this temperature the 
coefficient of thermal expansion increases rather suddenly. The 
increase is frequently of the order of 100 per cent. In the case 
of mixtures used for springing purposes this critical temperature 
will nearly always be found below the minimum temperatures of 
use. 

The cubical coefficient of thermal expansion for mixtures of 
these types will generally be found in the range of 0.00026 to 
0.00033 per deg F. Roughly, this is about 15 times that of 
ordinary steel. This is of great significance in cases in which 
rubber is clamped between rigid metal parts which do not permit 
perfect freedom for change of volume with temperature, and 
the effect of temperature must be considered in all such designs. 

It is highly resistant to many chemical substances although sol- 
uble in a number of the common organic solvents. Strictly speak- 
ing, rubber is probably the solvent but the end result is in all 
practical respects the same as though it were the solute. It ab- 
sorbs readily a great number of organic oils and is very sensitive 
to the action of ordinary mineral lubricating oils. The latter are 
absorbed rapidly and “kill” the rubber in the sense that its elas- 
tie properties and even its cohesion are gradually destroyed. It 
is possible to compound and cure so as to obtain greater or less 
resistance to oil but the authors know of no compound which is 
at the same time oilproof and sufficiently resilient for springing. 

It is readily attacked by oxygen and particularly by ozone 
unless protected by antioxidants worked into it during the com- 
pounding. Oxidation is most rapid at elevated temperatures 
and in the presence of ultraviolet radiation. Rubber exposed to 
direct sunlight is therefore apt to show rather rapid oxidation. 

Diffused light is not nearly so detrimental. When protected 
from light and not raised to excessively high temperatures, the 
tate of oxidation is comparatively low. Oxidation produces a 
hardening and a stiffening of the material and, if carried far 
enough, an actual cracking and gradual disruption. 

Rubber readily picks up water in liquid or vapor form. It 
tends to maintain a rather complicated balance between the 
Water contained within its mass and the vapor pressure in the 
surrounding liquid or space. Its physical characteristics differ 
With the water content However, such variations can generally 
be ignored in the ordinary engineering applications of rubber. 

Compounded and vulcanized rubber tends to be isotropic in 
some cases and anisotropic in others. That is, in some cases it 


exhibits the same elastic behavior in all directions while in others 
this differs on the different axes of the piece. These properties 
are controlled by both the composition of the mixture and its 
treatment during fabrication. Certain compounding pigments, 
such as carbon black, zine oxide, and lithopone tend to produce 
isotropic materials; others such as graphite, mica, and magne- 
sium carbonate tend to produce anisotropic compounds. Calen- 
dering and extrusion both have a tendency to produce a “grain” 
and thus anisotropic characteristics. There is some tendency to 
eliminate during vulcanization the anisotropy produced by the 
latter method but such elimination is seldom, if ever, complete. 
In using rubber for springing purposes these characteristics are 
frequently of great importance. 


Metruops Usep ror DESIGNATING COMPOUNDS OR Srocks 


Each rubber manufacturer who makes a variety of products 
produces of necessity a great many different kinds of material. 
Variations are produced by varying the characters and quantities 
of the pigments, by varying the quantity of sulphur, by varying 
the character and quantity of accelerators, antioxidants, and 
other compounding ingredients, and by varying the temperature 
and time of vulcanization. The different materials are commonly 
spoken of as compounds or stocks and each manufacturer ordi- 
narily uses key numbers and letters to designate the individual 
products. The word stock is however also used in a different 
sense to represent a class rather than an individual, thus tire 
stock, tubing stock, and hose stock are common expressions. 

It is possible to produce a gradual modification of properties 
from one compound to another by an orderly variation of com- 
pounding materials or by an orderly variation of vulcanization 
or by a combination of these. Frequently this can be effected 
through wide limits in such a way as to produce a sort of family 
of compounds possessing similar over-all properties and yet with 
each physical property varying gradually as one ascends or de- 
scends in the series. 

Many attempts to obtain a quick and ready means of testing 
rubber to determine its outstanding properties have been made. 
None has been completely successful. This should not surprise 
the engineer as he is already familiar with a similar situation 
with respect to other materials in common use. Thus in the case 
of steel he finds the yield point and ultimate tensile strength 
quite sufficient for some purposes. For others he finds it neces- 
sary to add extension and reduction of area. For others he re- 
quires impact tests in addition to the other values and for some 
purposes he needs hardness tests. 

The same situation exists with respect to rubber. By long 
usage, the tensile test has come to be regarded as of great im- 
portance but, just as in the case of steel, it cannot be depended 
on to tell the whole story. In steel practice it has been found 
that so long as one deals with a known variety or with known 
varieties of steels, the surface hardness as determined with a 
Brinell or other hardness tester may be used to differentiate 
certain characteristics. Similarly in the rubber industry it has 
become customary to depend to some extent on an analogous 
test. 

Two instruments are commonly used in this country for mak- 
ing such tests on rubber. One is known as the Shore durometer 
and the other as the Pusey and Jones plastometer. Theformer uses 
a spring-resisted needle to measure on an arbitrary scale the force 
required to produce a given degree of indentation of the needle. 
The reading obtained is known as the Shore durometer hard- 
ness or as durometer hardness or simply as the durometer of 
the rubber. Materials commonly used for springing purposes 
show durometer hardnesses between 30 and 70 or even 80 in ex- 
treme cases. The lower number indicates the softer material, 
that is, the material giving the greatest deflection for a given force. 
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The plastometer is a more elaborate instrument. It is de- 
signed to measure the indentation of a hardened steel ball of a 
given diameter when pressed into the surface of a rubber article 
or sample by a standardized force. The diameter of the steel 
ball is generally '/s; in. and the force is 1 kg. The indentation is 
measured in millimeters and is read directly from a dial. The 
softer rubbers used for vehicle springing and similar purposes will 
generally give a plastometer reading in the neighborhood of 175 
and the harder in the neighborhood of 70 or less. 

The indications of these instruments measure surface charac- 
teristics more than they do the physical characteristics of the 
interior of the mass of rubber. They are in some sense indicative 
of what may be expected of the mass when used on a series or 
family of compounds. They may not be at all indicative of the 
behavior of radically different stocks. Thus it is possible to 
find two rubber compounds with the same durometer hardness 
which have radically different physical characteristics in other 
respects and conversely, it is possible to find compounds behaving 
similarly in many respects and yet giving radically different 
durometer readings. 

The unavoidable variations in commercial production result 
in a variation or spread of durometer readings for materials 
compounded and vulcanized as nearly alike as is now commer- 
cially possible. Further, the shape and size of the piece upon 
which the reading is taken also affect the indications of the instru- 
ment. Asa result of these facts it is customary to allow a varia- 
tion of about +3 durometer degrees in compounds of 30 durom- 
eter hardness and to increase this range as the material becomes 
harder until a tolerance of +5 is reached at a durometer hard- 
ness of 80. 


Tue AGING oF RUBBER 


Rubber compounds are not completely stable materials under 
ordinary conditions. Engineers are accustomed to the gradual 
wasting or deterioration of steel and other metals by corrosive 
attack. They are also accustomed to a change of physical proper- 
ties with time, as in the case of certain aluminum alloys. The 
changing of rubber products with time is an analogous character- 
istic which the engineer must take into account if he chooses to 
use rubber in his work. 

In a general sense, rubber ages by two entirely different 
methods or processes. One is the continuation of vulcanization 
and the other is oxidation. 

Rubber products as delivered by the manufacturer are never 
completely vulcanized. That is, they always contain sulphur 
which has not reacted with the rubber. Reaction between the 
rubber and this surplus of sulphur appears to continue indefi- 
nitely. As one of the effects of reaction with sulphur is to 
stiffen the rubber it follows that this self-continuing vulcanization 
tends to produce an ever-stiffer material. However, with the 
types of compound used for the springing of vehicles and like 
purposes the aftervulcanization usually can be ignored for prac- 
tical purposes. 

Aging by oxidation is a far more serious matter. The first 
evidence of such aging usually is surface cracking or checking of 
the material. If the process continues far enough the mass 
begins to become checked and brittle so that it can be broken 
apart rather easily. The action ordinarily progresses inwardly 
from the surface in a fairly uniform way so that there is no 
danger of sudden failure. The progress of the disease is evident 
for months or even years before a dangerously large portion of 
the cross section has become affected. 

Oxidation is greatly stimulated by the ultraviolet radiation in 
sunlight and by similar radiation derived from any other source. 
It is believed that the oxidation is produced by ozone which is 
formed from oxygen in the atmosphere under the action of ultra- 


violet radiation. Diffused daylight has very much less effect in 
stimulating oxidation than does direct sunlight. It appears that 
although oxidation of the surface is much more rapid when under 
ultraviolet radiation, the products formed offer some measure of 
protection to the interior of the mass and thus prevent the rapid 
spread of oxidation into the interior. On the other hand, rubber 
oxidized in the dark suffers a much more complete oxidation 
although it occurs at a much less rapid rate with all other things 
equal. 

It is obvious that rubber should be shielded from direct sun- 
light and other sources of ultraviolet radiation to the extent that 
other considerations permit. It is also wise to protect it from 
the impingement of diffused daylight to the extent that con- 
venience in other respects allows. 

Experience has shown that painting the surface of rubber 
articles with certain protective paints, as for example aluminum 
in a suitable vehicle, tends to delay oxidation. It has also been 
found that certain synthetic rubber-like materials are not as 
sensitive to oxidation as are the natural rubbers. These are 
also effective in protecting the rubber when properly applied to 


surface. 


Finally, the rubber industry has developed materials known 
as antoxidants, antioxidants, antioxides and other similar names. 
These are mixed with the rubber when it is being compounded 
and serve to retard oxidation to a relatively tremendous degree. 
There are many theories regarding their action and much work 
remains to be done before this is completely explained. At least 
those materials in common use appear to be used up slowly as 
they protect the rubber. This indicates oxidation of the pro- 
tective substance as a simple explanation of its effectiveness but 
it is probable that this is only a partial explanation at best. 

The state of the art is now such that rubber with a relatively 
long life can be produced. The authors are unable to say what 
the expectable life may be under different conditions of use. 
They know of rubber springs that are still in successful operation 
under rather severe conditions after about eight years of use. 
They know of rubber that was used successfully in an enclosed 
position which was still usable for all practical purposes after 
fifteen years, although slightly checked on the surface. It seems 
perfectly safe to assume a life of five years for rubber springs 
that are not exposed to direct sunlight for long periods of time. 
and are not exposed to attack by lubricating oil or other harmful 
material. The probability is that the useful life will be much 
greater than five years and possibly even greater than ten. 


Drirt oF RusBerR UNDER Loap 


This phenomenon was referred to briefly in an earlier section. 
It is believed to be of sufficient importance to justify more ex- 
tended treatment. Some springs are used under such conditions 
that they are normally unloaded and that they assume and carry 
loads for a very small part of their total useful existence. Most 
springs are probably used under conditions requiring them to 
sustain a load throughout their existence, their function being 
to accommodate themselves to varying values of the load im- 
posed. Vehicle springs all act in this way. 

It is obvious that a spring which must sustain a load of magni- 
tude during its entire useful life and which is made of a material 
which has a tendency to drift under load offers some interesting 
questions to the engineer. But, now that we are using steel at 
temperatures at which it is subject to plastic flow, the dr°‘t of 
rubber under load is not apt to cause as great concern as it might 
have a few years ago. The drift of rubber has been investigated 
to a sufficient degree to indicate that if due precautions are taken 
in the choice of compound and in the design of the spring it 
does not present any insurmountable difficulties. 

As stated in an earlier section, the rate of drift under a constant 
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load decreases continuously although it does not appear ever to 
reach a zero value. The graph of Fig. 3 is drawn from results 
obtained with a tensile specimen. This specimen was made from 
rubber having a tensile strength of 4000 lb per sq in. of original 
section. It had a cross section of 1 in. by 0.138 in. and a length 
of 4in. It was submitted to a constant load of 50 lb per sq in. of 
original section. Immediately after the application of this load 
the length was measured as 4.35 in. One hour later the length 
had become 4.40 in. The history out to the end of 168 hr is 
given in Fig. 3. It will be observed that the graph indicates an 
ever-decreasing rate of drift but gives no indication of its ever 
reaching a zero value. 
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Fic. Drirr in TENSION 


It will be shown later that rubber is seldom used in tension for 
springing purposes of the type handled by the engineer. It is 
used much more often in shear or in compression. Most of the 
applications thus far made by the authors have used the shear 
deformation for springing for reasons which will be explained 
later. 

Three graphs of shear drift are given in Fig. 4. The perfor- 
mances of three different materials are indicated. In their other 
properties they are not nearly as different as these drift per- 
formances might lead one to believe. It will be observed that 
at the end of 100 hr test, material B has drifted over three times 
as far as material A, and material C has drifted even more than 
material B. This indicates the importance of choosing com- 
pounds well adapted to the purpose in hand. 

It will be recognized that these graphs have the same character- 
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istics as that already given for tension but that the tension graph 
shows much greater drift. This could, of course, be due to the 
use of a different compound, to testing at a radically different 
temperature, to testing at different specific loadings, or to a 
difference in performance when tested in tension and in shear. 
The authors believe the results shown represent to some extent a 
real difference in the inherent behavior of rubber in tension and 
shear, respectively. 

The drift results presented were obtained on compounds of the 
general type used for rubber shear springs. When it is realized 
that the spring tested for nearly 20,000 hr showed a total drift of 
less than 0.08 in. in a period of something over two years, and 
that during all that time it carried a load of the same general order 
as would be used in vehicle springing, it will be appreciated that 
the phenomenon of drift need not be regarded as a serious handi- 
cap if properly cared for in compound and design. a 

Drift tests are difficult to perform accurately. First, it is neces- 
sary to load the piece in such a way that static friction of bearings 
or other supports cannot influence the results. This indicates 
directly applied dead load or spring load as the most desirable. 
Second, it is necessary to arrange to read movements to 0.0001 
in. or less if the course of drift is to be followed accurately. 
Third, it is necessary to control rather carefully the state of 
vibration of the piece under test. If the piece be absolutely free 
of vibration the progress of drift will be seriously interfered with 
and then very large movements will occur if accidental vibrations 
occur. Even the vibration of a building produced by moving 
machinery hundreds of feet away may be sufficient to cause 
erratic behavior if the machinery runs during some hours and not. 
during others. It is as though a continuous movement of the 
mass of rubber is required to permit continuous and continuing 
readjustment of its molecules. The results graphed for material 
A in Fig. 4 were obtained with a piece kept under continuous 
vibration by means of a small motor rotating at 1750 rpm and 
carrying an eccentrically located weight. Fourth, the results 
indicated are exceedingly sensitive to temperature. In the case 
of material A it was found that a change of temperature of 1 deg F 
produced a positive or negative drift of about 0.001 in. An 
increase of temperature caused a temporary recovery and a de- 
crease of temperature caused a temporary increase of deforma- 
tion. This phenomenon was referred to in an earlier section of 
this paper. 
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RUBBER AS A SPRINGING MATERIAL 


As rubber has come into use as a springing material and has 
begun to displace steel and other metals for such purposes there 
has developed an expectable but regrettable controversy between 
the suppliers and the advocates of the two materials. This is 
regrettable because the arguments presented frequently have 
been partisan and therefore have tended to obscure the real facts 
and to delay impartial analysis. A case can be made for either 
material by properly choosing the assumed conditions and thus 
concentrating attention on this or that property or combination 
of properties. 

It may be said categorically that rubber cannot completely 
displace metal as a springing material. But it is equally true 
that for certain conditions rubber is far superior to any known 
metal for springing purposes. The task of the engineer is the 
determination of the conditions under which rubber gives the 
better solution and the accumulation of the technical knowledge 
required to enable him to make the best use of rubber for condi- 
tions to which it is better adapted. 

Examples of two methods of making comparisons between 
steel and rubber for springing purposes are given below. The 
first is based on actual values for the physical constants but on 
other assumptions which tend to give a result of little practical 
signifreance. It shows rubber as greatly superior to steel. The 
second compares two real and usable springs and the results 
would probably be interpreted as showing steel at least slightly 
superior to rubber. 

For the first case we shall assume a steel wire, such as a piano 
wire, with a diameter of 0.02 in. and an elastic limit of 180,000 lb 
per sq in. The area of this wire is 0.000314 sq in. and at the 
elastic limit it can support 


0.000314 < 180,000 = 56.52 Ib 


If its length be assumed as 100 in., it will have approximately 
an elongation of 
180,000 
= 0. in. 
29,000,000 x 100 62 in 
when supporting the load of 56.52 Ib. The potential energy 
accumulated in the spring will then be 


V= sae X 0.62 = 17.52 in-lb 


The values just calculated indicate that the potential energy 
accumulated by this simple steel spring when loaded to its elastic 
limit is 558 in-lb per cu in. of material, or 1991 in-lb per lb of 
material. 

For comparison with this we shall assume a piece of rubber 
which is 1 in. wide, '/, in. thick, and 4 in. long. We shall further 
make the logical assumption that it can sustain without damage 
a tensile load of 2500 Ib per sq in. and that under that load it will 
have an elongation of 500 per cent. 

The energy absorbed by the rubber during stretching in this 
way could be determined as it has just been for the case of the 
steel wire if the stress-strain graph were a straight line. It has 
been shown that it is not a straight line and may be a rather compli- 
cated collection of curves. Strictly, one would have to integrate 
the area under the graph to obtain the value of the energy 
absorbed. For our present purposes it will suffice to assume the 
energy absorbed as two thirds of what it would have been had the 
stress-strain graph been a straight line. With this assumption 
we get 


4 
= 4170 indb 


Energy absorbed = x 1X 2500 xX 4x 5 
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While this quantity of energy is absorbed it is not all converted 
into potential form in the sense in which we use that conception 
in connection with a metallic spring because of the peculiar be- 
havior of rubber and its marked hysteresis loss. However, for 
present purposes, such refinements may be neglected and we may 
consider the potential energy stored in the spring as equal to the 
energy absorbed, in this case 4170 in-lb. 

The volume of the rubber strip assumed is obviously equal to 
1 cu in. in the unstretched condition. Its weight would be about 
0.037 Ib. With these values we obtain the potential energy 
stored in the rubber spring as 4170 in-lb per cu in. of material, or 
113,000 in-lb per Ib of material. 

Evidently under the conditions assumed a rubber spring can 
store over seven times as much energy per unit of volume andover 
fifty times per unit of weight. Also the rubber spring of the type 
assumed would probably cost less than the steel wire. Appar- 
ently therefore, the rubber would constitute a far superior spring. 

This is, however, not an entirely fair picture. It is true that 
rubber is occasionally used as a spring in a form analogous to that 
here assumed. The early use of rubber landing-gear springs on 
airplanes furnishes one example. The common “slingshot” 
of boyhood furnishes another. The rubber band used daily in 
offices and households is still another and probably the most 
common example. 

But, steel is practically never used for springing purposes in the 
way that has been assumed. Its shape is changed to make it fit 
better into the assemblages in which it is to be used, although 
these shapes do not ordinarily make as good use of the physical 
characteristics of the material. It is used in such ways as to 
bring in its resistance to shear and to bending. 

The fact remains, however, that for such purposes as have just 
been enumerated rubber does appear to possess certain unique 
advantages. It is difficult, for instance, to imagine an entirely 
satisfactory metal substitute for the common rubber band. 

For the second example, we shall consider a rubber spring which 
is in actual use in the springing of streetcars and compare it with 
an equivalent coiled steel spring. The shape and structure of the 
rubber spring are shown in Fig. 5 and its load-deflection graph is 
given in Fig 6. The shape of the spring is essentially cylindro- 
conical. The maximum-shear stress is limited to 60 lb per sq 
in. and certain refinements of design particularly applicable to 
springs of this type limit the distortion almost completely to shear 
strain. Bending strains, in particular, are reduced to negligible 
amounts by the insertion of the cylindrical steel partitions. 

The volume of rubber in this spring is 180 cu in. and it weighs 
approximately 6.7 lb. The combined weight of the rubber and 
steel is approximately 18 lb. The space occupied by the spring 
under a maximum load of 4000 Ib is 410 cu in. 

The load-deflection graph of this spring can be closely approxi- 
mated by a nest of two helical steel springs. The outer one 
would have a free length of 13.2 in. or more, and a deflection of 4 
in. under a load of 3300 Ib. The inner would have a free length 
of 3.6 in. less than that of the outer helix and a deflection of 0.4 
in. under a load of 7001b. The resultant load-deflection graph is 
shown in Fig. 6, superimposed on that of the rubber spring. 

The minimum possible weight of steel in this combination 
would be 28.43 Ib although for practical purposes the design 
Would be improved by using a somewhat greater weight of 
material. The volume occupied under a maximum load of 4000 
lb is 250 cu in. 

Inspection of Fig. 6 indicates that the quantities of energy 
absorbed by the rubber and steel springs up to 4000 lb load may 
be considered as equal. The area under the graph represents 
6740 in-lb. 

The comparison in energy absorbed between the two springs 
therefore becomes 
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Rubber spring 
16.5 in-lb 
374.0 in-lb 


Steel spring 
27 in-lb 
237 in-lb 


Per cu in. of space 
Per |b of material 


If there had been included in the calculation the weights and 
volumes of spring housings required to contain the springs and to 
transmit the loads to them, the comparison would have been 
slightly more favorable to the steel spring on both the volume and 
the weight basis. 
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This comparison does not indicate any outstanding advantage 
for either variety of spring. However, a rubber spring of the 
type shown would probably cost more that the dynamically 
equivalent steel spring; certainly it is a more complicated struc- 
ture; practically it is more difficult to test for fulfillment of speci- 
fications, and finally it does not have behind it the long period of 
successful use that the steel spring has. It is true that this is but 
one variety of rubber spring and that there are others of different 
types adapted to different purposes. Some are of less recent 
origin and much simpler in design, much easier to test and of 
comparatively low cost. However, it is a fact that no one has 
yet produced a design of rubber spring adapted to give deflec- 
tions comparable to those obtainable with steel springs, which 
may not appear at first sight to be less desirable than the well- 
tried steel spring. 

Under such conditions the engineer must find in rubber springs 
desirable characteristics not yet mentioned if he is to apply them 
in any case in place of metal springs. There are such character- 
istics and the authors, in common with many others, believe that 
some or all of these are sufficiently weighty in connection with 
certain applications to justify the use of rubber springs in such 
cases. A few of these characteristics are explained. 

(1) It is common practice to use guides of some sort when 
parts are separated by metallic helical springs used in compres- 
sion. This introduces frictional forces which are always so 
directed as to oppose the intended action of the spring. This is 
shown diagrammatically in Fig. 7 (a) and (6). 

Such considerations are not of great consequence in the case of 
well-lubricated machinery. They may become serious however 
in other cases. An example is furnished by the common journel- 
box springing of many rail vehicles. Here exact fits are not ordi- 
narily obtained or maintained and lubrication is bound to be more 


hed 

Vv 

ic 

of 

er 
er ud 
ze 
in 

he 

as f 

li- 

ite : 

gy 
he 

he 

on 


480 


or less imperfect. Moreover, as wear occurs and clearances 
develop, there results not only a less perfect guiding of parts but 
also the production of most objectionable noise. 

‘With rubber springs it is easily possible to design so as to incor- 
porate a nonfrictional type of guide within the spring itself 
irrespective of the design used. The guiding action is furnished 
by the rubber through its resistance to tensile, compressive, or 
shear deformation. 

(2) Metals transmit audible vibrations, that is, sound, much 
more readily than does rubber. When used for springing pur- 
poses metals ordinarily are arranged so as to provide a complete 
metallic path between the place at which noise is generated and 


(bs 


EFrect OF FRICTION IN GUIDES 


(a) 
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large metallic or other surfaces which serve as excellent broad- 
casting media. Attempts have been made to decrease the vol- 
ume of sound transmitted in this way by using rubber cushions 
or other equivalent devices in the path. This has not been uni- 
formly successful because the tendency is to use sound-insulating 
cushions which can be fitted into existing dimensions. The unit 
loads to be supported by the rubber cushions under such condi- 
tions frequently are so great that the cushion material cannot be 
given those physical characteristics necessary for maximum 
sound absorption. 

It is, of course, possible to modify designs until the unit loads on 
such cushions have been reduced to the extent required to make 
them effective acoustic filters or insulators. But, when this is 
done the resulting volume of rubber will often be quite sufficient 
to provide all necessary springing if properly designed for that 
purpose. 

_ The characteristics of rubber as a sound insulator have not been 
investigated to any great degree in a technical sense. In fact, the 
complications are so great because of the almost innumerable 
compounds and the consequent variation of practically all 
physical properties that comprehensive investigations would 
represent a tremendous undertaking. It is to be hoped that such 
investigations may be made in the near future for a few typical 
compounds of the types used in springing and similar mechanical 
uses. In passing, it is of interest to note that while the velocity of 
sound propagation in steel is of the order of 17,000 ft per sec, the 
velocity im rubber is of the order of 100 ft per sec. The relative 
acoustic-insulating values of the two materials cannot be deter- 
mined directly from these figures because of the dearth of informa- 
tion: regarding the mechanism of the elastic behavior of rubber. 
It seems probable that the ratio is even greater than indicated by 
the inverse ratio of these velocities. It also seems probable that 
with increasing frequency energy loss in the material increases at a 
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greater rate with rubber than with steel. This is equivalent to 
saying that in comparison with steel, rubber becomes a relatively 
better acoustic insulator as the frequency of the sound wave or the 
pitch of the note increases. This is developed further in a later 
paragraph. 

(3) Multiple-leaf springs possess inherent frictional losses 
which perform a useful function as damping devices but never- 
theless give such springs certain undesirable characteristics, par- 
ticularly for vehicle springing. Two types of friction in these 
springs must be recognized, friction of rest and friction of motion. 
Both act to oppose the action of the spring somewhat as illus- 
trated in Fig. 7 already referred to. 

Leaf springs have been used extensively for vehicle springing 
because of their convenient shape, high load-carrying capacity, 
and inherent damping characteristics. But their use produces 
certain undesirable results which have not been as generally 
appreciated as have their virtues. The authors have performed 
some interesting experiments in this connection. 

It is necessarily true that in the case of a sprung vehicle, im- 
pulses applied at the wheels must be transmitted to the body by 
means of the springs. If the body experience known vertical! 
accelerations, it is possible to calculate the forces which must 
have been transmitted through the springs to produce such 
accelerations. If the load-deflection ratios of the springs are 
known, it is also possible to calculate the deflections which the 
springs should have suffered when transmitting the accelerating 
forces. 

The authors measured vertical accelerations in a vehicle body 
and recorded at the same time the actual deflections of the leaf 
springs through which the accelerating forces were transmitted. 
Briefly, forces calling for spring deflections of 3 in. or more 
were transmitted with spring deflections of less than one third 
this amount. Obviously, in the short time during which the 
accelerating forces acted, the inertia and the friction of the springs 
caused them to behave more like solid bars of metal than like 
perfect springs. One way of expressing the result of this action is 
to say that there is transmitted to the vehicle floor a greater part of 
the impulse than would otherwise be received. Another way 
of expressing it is to say that the floor is subjected to greater 
amplitudes of vibration than it would be if the springing system 
were more nearly perfect. 

It appears probable that the inertia of the spring parts and the 
friction of rest are responsible for a large part of this action. The 
impulses are of such short duration and reverse so frequently that 
most of the time of their action is probably consumed in over- 
coming inertia and the friction of rest between the leaves. 

The explanation used may follow a still different course. I! 
the friction of rest at the extreme position of vibration of the 
spring be neglected, on the assumption that there is always 
enough vibration and movement to prevent the attainment of 4 
state of rest, there remains for consideration the approximate! 
constant friction foree between the relatively moving leaves. !' 
is well known that damping of a system consisting of a mass an¢ 
a spring by means of a constant damping force, such as this repre- 
sents, results in a sudden change in the value of the reaction be 
tween mass and spring equal to twice the damping force at each 
reversal of direction of motion. These sudden changes of the 
reaction between mass and spring may then be held accountablé 
for undesirable vibrations in the vehicle body. 

In spite of the fact that rubber indicates a definite and sizable 
elastic hysteresis when tested and thus shows the presence of 82 
inherent damping force, it is also a fact that this damping force 
reduces to zero value at zero velocity, that is at each reversal 2 
the direction of motion. Thus the material is superior in th 
respect to the leaf spring. The hysteresis is of such a relatively 
small order in many cases that even with vehicles running on rail 
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it has been found desirable to provide damping devices to prevent 
continued oscillation under conditions favoring such action. 
Since such additional damping is not an inherent characteristic of 
the spring, it is possible to choose the most advantageous form of 
damping. This is commonly assumed to be viscous damping 
which is a function of the speed of motion. It assumes a zero 
value at each reversal of direction of motion and therefore is also 
devoid of the disadvantages of friction damping referred to above. 

So much has appeared in the literature regarding the hysteresis 
loss of rubber that it seems desirable to enlarge upon this subject. 
It is certainly true that if rubber is, for example, stretched to 
several times its normal length, as is commonly done in test- 
ing machines, and is then allowed to return toward its original 
length, a hysteresis loop of large magnitude will be obtained when 
the stress-strain relations are plotted. A hysteresis loss of 30 to 
40 per cent is not at all uncommon. A similar result will be 
obtained if the rubber is tested in compression or in shear. 

However, if the loading and unloading are repeated time after 
time the properties of the rubber change with each repetition in 
such a way that a greater strain is produced for a given stress and 
the hysteresis loop becomes smaller and smaller. Undoubtedly 
it never reaches a zero value but with some compounds it may 
come so close to it as to make very accurate testing necessary to 
discover its existence. 

The situation is complicated by several factors. One of these 
is time. If the deformation and recovery occur sufficiently 
slowly the mass of rubber cannot, in the limit, rise above ambient 
temperature and the process is an isothermal one. On the other 
hand, if deformation and recovery occur sufficiently rapidly, the 
process is, in the limit, adiabatic. The results are quite different 
in the two cases. In the former the hysteresis loss tends to remain 
of large value although such information as is available to the 
authors indicates that it does diminish somewhat with successive 
cycles. In the adiabatic case the tendency is toward a rapid 
diminution of hysteresis loss with succeeding cycles, apparently 
toward some limiting minimum-value characteristic of each com- 
pound. This limiting value is more theoretical than real because 
if an ideal adiabatic cycle could be performed time after time the 
rubber would be raised to such a temperature as to convert it by 
one means or another into a very different substance from 
that with which the experiment was started. 

In practice it appears necessary to distinguish between two 
types of vibration, free and forced, and in the case of forced vibra- 
tion, to distinguish between two different ranges of frequency 
when considering the damping characteristics of rubber springs, 
as used for example in vehicle springing. 

The free vibration results when a single, nonrepetitive impulse 
causes a deformation of the spring and thus changes the configu- 
ration of the dynamic system. The latter then starts vibrating 
and the vibration dies out in proportions dictated by the type 
and extent of damping present. It is known that rubber-sprung 
systems show a rapid decay of vibration when subjected to single 
impulses in this way but nothing of an exact nature is known re- 
garding the phenomena and laws involved. 

In the case of forced vibrations one range includes the lower fre- 
quencies commonly encountered. In the case of vehicles these 
extend from about 0.5 to possibly 4 or 5 cycles per sec. The other 
range includes the higher frequencies, say from 20 cycles per see 
upward. The omission of frequencies between 5 and 20 does not 
mean that they are not encountered. It is to be interpreted as 
meaning that frequencies between these limits appear to behave in 
an intermediate fashion, partaking of the nature of those above 
and below them. It is to be understood that no sharp boundaries 
can be set for any of the ranges in the present state of our knowl- 


edge. 


Experience has shown that with rubber springs used in service 
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which keeps them in practically constant motion, as in the case of 
vehicle springs, the hysteresis loss in the lower range of frequen- 
cies is comparatively small. That is, the energy loss in the springs 
is insufficient to provide the necessary degree of damping on rough 
roadbeds. They have therefore been used in combination with 
damping devices to prevent excessive amplitudesof oscillation 
under conditions yielding vibrations close to resonance frequency. 

The story with respect to the higher frequency range is quite 
different. The continuous working of the rubber does not appear 
to reduce greatly the energy loss within it. It seems probable that 
there is some diminution of loss as the working proceeds and as 
an equilibrium temperature is approached. However, if there is 
such a diminution, there still remains a very large and effective 
damping force as an inherent characteristic of the rubber. 

From fragmentary datu, the authors are led to believe that 
the absorption of energy within the rubber in a nonreversible 
manner and within the higher frequency range increases approxi- 
mately with the second power of the frequency. If an absorption 
of 10 per cent of the incident frequency happened to occur with a 
given thickness of a given compound at a frequency of 20 cycles 
per sec, one would then expect a loss of 40 per cent at 40 cycles per 
sec. Since the lower auditory vibrations are in the region of 25 
cycles per sec, these figures indicate the very great effectiveness 
of rubber as an acoustic insulator. 

Further, the authors are led to believe that the absorption of 
energy within the upper range and in nonreversible fashion in- 
creases with that dimension of the rubber which is effective in 
transmitting the vibration, at some power higher than the first. 
The increase appears, from fragmentary data, to follow a second- 
power law. If this be true, doubling the effective thickness 
should result in the absorption of four times as much of the inci- 
dent energy. 

With two second-power laws working thus in conjunction, it is 
evident that with high frequencies and thick rubber practically 
all the incident energy could be absorbed in the rubber. This ap- 
pears to be substantially in accord with the facts for frequencies 
of 50 to 100 cycles per sec and rubber thicknesses of 4 to 6 in. 
These figures must be regarded as rough approximations because 
of all the variables which affect any given case. 


CHARACTERISTICS OF DIFFERENT TyPEs OF DEFORMATION 


Since rubber suffers relatively large deformations when acted on 
in tension, compression, or shear, it is possible to use it as a spring 
with any one of these methods of loading. However, each 
method has certain individual characteristics which fit it best for 
certain types of springing. It is therefore appropriate to consider 
these characteristics. 

It has already been shown that rubber in tension has tremen- 
dous abilities as an accumulator of potential energy and that it is 
capable of astonishingly great extensions. This naturally fits it 
for use as a springing material in tension. However, it has several 
undesirable characteristics when used in this way. These have 
limited the rubber tension spring to special applications. 

Most important is the great sensitivity of stretched rubber to 
physical injury. It is comparatively difficult to cut unstrained 
rubber. When strained in tension it is cut easily and a cut once 
made on the surface of strained material has a marked tendency 
toward autopropagation so that complete failure is apt to occur. 

Again, rubber appears to drift to a much greater extent in ten- 
sion than under comparable loads of other types and to have a 
greater elastic lag upon recovery. These characteristics can be 
explained as following direetly from the shape of the rubber mole- 
cule and its behavior when loaded in different ways. However, 
the explanations are still quite controversial. 

Further, Poisson’s ratio has been shown to be of the order of 
0.46 to 0.48 for low degrees of strain. If rubber may be assumed 
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to behave according to elastic theory the ratio between the modu- 
lus of elasticity in tension, and the shear modulus can be caleu- 
lated from this ratio by means of the formula 


2(1 +2) 
in which 
E modulus of elasticity 
Poisson’s ratio 
shear modulus 
1000 
800 
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Fic. 8 Srress-Strain GRAPH FOR RUBBER IN COMPRESSION 


E 
It isevident that with \ = 0.48 the value of G = 206°" approxi- 


E 
mately 3° This is equivalent to siying that if the material 


obeys the elastic laws ordinarily postulated, a given deflection 
per unit thickness in shear can be obtained with about one third 
the force required to produce it per unit length in tension. Even 
with the lower value of \ encountered, about 0.125, the shear 
loading would still have a marked advantage. 

Lastly, it is not easy to provide a means of holding rubber so 
that it can be used as a tension spring. The simplest method is to 
use a loop or a collection of loops as is done in the conventional 
rubber band and as was done in the early airplane landing gears. 
It would, of course, be possible to mold a dumbbell-shaped piece 
and to insert the enlarged ends in receptacles of the proper size. 
This may have been done but the authors have no record of any 
such attack upon the problem. They believe that with modern 
methods of ‘curing’ rubber to metal, which will be described 
later, it would be possible to develop this and other designs for 
tension springs if it were desirable to do so. 

In a general way it may be said that the use of rubber in ten- 
sion for springing purposes should be confined to those cases in 
which the stretched rubber can be protected against surface injury 
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and in which the spring is unloaded most of the time. The latter 
restriction appears to remove this form of spring from the field of 
vehicle springing and other cases in which a load must be sus- 
tained continuously by the spring and plus and minus variations 
of load accommodated. As a result of the limitations of the ten- 
sile type of rubber spring, it has become customary to do prac- 
tically all rubber springing with the material in compression or 
in shear, or in some sort of combination of these two types of 
loading. 

It has been shown in an earlier section that rubber subjected to 
tensile strain gives, in general; a typical stress-strain graph. It 
has also been shown that very wide variations from this typical 
graph may be produced by variations in the type of material 
tested. 

Similarly, there is a typical form of stress-strain graph for 
rubber in compression and for rubber in shear. And, similarly, 


(a) SURFACES PERFECTLY (6) SURFACES FIXED 
LUBRICATED 


Fic. 9 Compression LoapInG; SAME Loap 


STRESS 


STRAIN-> 


Fic. 10 Srress-Strain GrRapHsS FOR RUBBER IN COMPRESSION; 
Frxep SURFACES AND LUBRICATED SURFACES 


very wide variations can be obtained by choosing appropriate 
compounds. 

The typical compression graph is shown in Fig. 8. It will be 
observed that it is somewhat similar to that for tension loading i? 
that the rubber stiffens as the load increases. As a matter of 
fact, for like material and in a general way, the stiffening in com- 
pression is at a much greater rate than the stiffening in tension. 
For example, the case shown in Fig. 8 indicates a deformation of 
only 32 per cent for a load of 900 Ib per sq in. In tension, the 
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same material would probably show an elongation of over 200 per 
cent for similar loading. 

There are two extreme possibilities in compression loading. 
These are illustrated in Fig. 9 (a) and (6). In Fig. 9 (a) the sur- 
faces of the rubber in contact with the compressing faces are 
assumed to be perfectly lubricated so that they can slide along 
the compressing faces with negligible friction. In Fig. 9 (6) 
the surfaces are supposed to be relatively fixed so that no sliding 
can occur. 

In the first case, the rubber acts as though it were less stiff 
than in the second case. That is, a given load produces a greater 
deformation. The stress-strain graphs would have the relation- 
ships indicated in Fig. 10, although there is no absolute signifi- 
cance in the relative values shown in the illustration. 

Under laboratory conditions the perfectly lubricated require- 
ment can be approximated, for example, by using a soap solution 
as a lubricant. Under conditions of practical use this is not pos- 
sible and it is not feasible to use rubber with perfectly lubricated 
surfaces for springing purposes. It is of course possible to com- 
press rubber between two metal surfaces without lubrication. 
This gives in effect a condition between those indicated in Fig. 
9. The rubber slips to a certain extent upon the metal surfaces, 
particularly near the outer free surface of the rubber. The 
resultant stress-strain graph would lie between those shown in 
Fig. 10 and would approach one or the other more closely as dic- 
tated by the amount of relative slip. 

Rubber is used for springing purposes to a great extent in just 
this way. A rubber slab of the required dimensions is merely 
fitted between two plane metal surfaces. With the normal grades 
of rubber and normal loadings the results are almost the same as 
though the rubber were actually fixed to the metal and did not slip 
with respect to it. That is, the graph would be almost coincident 
with that for fixed surfaces in Fig. 10. 

There are, however, certain precautions to be observed when 
rubber is used in this way. Its behavior under increasing load is 
shown in exaggerated fashion in Fig. 11. It will be observed that 
there is a tendency for rounding of the edges in contact with the 
metal in the unloaded condition. If there are forces acting in the 
directions S-S, causing a shearing effect, there will be a sort of 
rolling action of the rubber near the rounded edges as the upper 
and lower surfaces undergo relative displacement. This tends to 
produce local deterioration of the rubber if it occurs to an exces- 
sive degree. The deterioration is probably due to a combination 
of abrasion and heating. 

There is a growing tendency to produce a self-contained com- 
pression spring in which such is prevented. This is commonly 
done by what is known as “curing” or “bonding” the rubber 
to the metal faces between which it is compressed. For this pur- 
pose the metal faces are generally brass-plated, scrupulously 
cleaned, covered with a bonding cement and then placed in the 
rubber mold with the raw compound between them. The whole 
mass is then carried through the desired temperature-time curing 
schedule. When the operation is properly performed the bonding 
cement adheres very well to the metal on one side of it and to the 
rubber on the other side so that the rubber is effectively bonded 
to the metal. 

It seldom happens that the metal parts between which a com- 
pression spring is to be located are so shaped and of such size that 
it is convenient to cure the rubber directly to them. For this 
Teason there has been developed a structure known as a rubber 
sandwich. The rubber is cured between two comparatively thin 
pieces of metal and the design of the structure is arranged to 
receive the sandwich as a springing element. This is illustrated 
in Fig. 12 in which the sandwich is shown in place in a structure 
and under load as indicated by the bulge in the rubber. 

When such bonds are well made they are capable of carrying 
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relatively high shearing and tensile forces. This will be treated 
at greater length in a later section of this paper devoted to springs 
using rubber in shear. 

The explanation of the radically different stress-strain perform- 
ance of the same rubber tested in compression with perfect slip 
and no slip respectively between the rubber and load-imposing 
surfaces is comparatively simple. It has been stated earlier that 
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rubber behaves like a liquid and, for practical purposes, is incom- 
pressible. Therefore, when loaded in compression it can yield in 
the direction of the compressive forces only as it can expand in 
other directions. Study of Fig. 9 (a) and (6) will indicate the 
significance of this. In the former the rubber is freer to expand 
laterally than in the latter. It is therefore capable of assuming 
a greater deformation in the direction of the compressive forces. 

The modulus of elasticity for rubber in compression is just 
about as meaningless as is the modulus in tension. With per- 
fectly lubricated surfaces one obtains different values depending 
on the extent of compression as indicated by the marked stiffen- 
ing with load which is indicated in Fig. 10. Then as less and less 
slip is assumed the modulus for a given degree of compression be- 
comes greater and greater, to reach an upper limit at zero slip. 

In general, it can be said that for the conditions commonly met 
in rubber compression springs, the elastic modulus in compression 
varies from something around 200 to as high as 2000 or more. 
This value is determined not only by the character of the com- 
pound and its cure and the end conditions as referred to above, 
but also by the shape of the piece. 

Some of the complications met in the design of rubber compres- 
sion springs are illustrated in Fig. 13. Slabs of the same outside 
horizontal dimensions but of different thicknesses are seen to 
deflect very different percentages of their respective thicknesses 
under the same load. The thicker the material the “softer” it is 
asaspring. Cutting holes through it makes it still softer. It is ~ 
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evident that there is some relation between the load-deflection 
ratio and the shape of the piece. 

An extensive treatment of this subject was presented recently 
by W. C. Keys.’ He relates certain areas which determine the be- 
havior of the piece and thus obtains what may be called dynamic 
equivalents of different sizes. Using the expression load area to 
mean the area of one of the faces over which the load is applied, 
and the expression bulge area to mean the initial area of the free 
surface of the rubber, he calls the ratio of the former to the latter 
the area ratio. 

In Fig. 14 (a) the load is assumed to be applied on the upper 
surface. The load area is then WL. The bulge area is the area 
of the vertical surfaces bounding the piece and is 2:W + 2tL. The 
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ad? 
obviously “. and the bulge area td in which ¢ is the height of 


the cylinder. 

It is interesting to note that when holes are made in the slab as 
shown in Fig. 14 (b) the surfaces of the walls of these holes are also 
included in the bulge area. 

The paper® referred to contains instructions for the design of 
compression springs. The methods and data rest upon experi- 
mentally determined facts. They apply strictly only to cases in 
which the rubber is not bonded to the metal, is not lubricated, 
and is square in cross section. It has been stated that they can be 
applied to bonded or unbonded material and to rectangular sec- 
tions and other sections. 

The important result obtained, and which underlies the sug- 
gested design method, is “slabs of identical rubber compound 
having equal-area ratios and carrying equal-unit loads deflect the 
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same percentage of their respective thicknesses.” The paper con- 
tains graphs giving load-deflection data for different rubber com- 
pounds and for different area ratios with directions for using 
them for design purposes. 

This paper by Mr. Keys is the first serious effort known to the 
authors to present orderly and authentic design information with 
respect to rubber springs. As such, it is a welcome advance 
over the fragmentary and often erroneous information hitherto 
available. However, actual use of the design methods outlined 
will show how much more experimental and analytical work is 
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required to place the design of rubber springs on anything like 
the same plane as is that of steel springs. The author was 
limited to empirical methods of design because no one has yet 
rationalized the behavior of rubber. 

An illustration of the extent to which results may depart from 
the general rule given by Mr. Keys is furnished by Fig. 15. 
Load-deflection values are given for three different compression 
sandwiches, all having the same area ratio. Values are given for 
two rubber compounds, one of 60 and the other of 30 durometer 
hardness. The variations in shape have been made extreme and 
the area ratio high to accentuate the departure. The departure 
from the suggested rule of design is extremely great, even at the 
low loadings. 

This statement is not intended as a criticism of Mr. Keys’s 
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paper or suggested method of design. It is intended both to 
indicate that caution is still necessary in designing rubber parts 
on the basis of general simple rules and that there is a need for a 
great amount of investigational work in this field. 

It is convenient to remember that for a given grade of rubber 
used in compression, the deflection for a given load increases as 
the area ratio decreases. In other words, the deflection increases 
as the relative bulge area increases. With the horizontal dimen- 
sions of the slab remaining constant, this can be accomplished 
by increasing the height. With the height remaining constant 
it can be accomplished by using a more elongated slab or a per- 
forated slab when dealing with rectangular cross sections. With 
short, cylindrical slabs and constant height it can be accom- 
plished by decreasizg the diameter. 

Certain characteristics of rubber determine the general practice 
used in connection with rubber compression springs. Drift or 
flow under load occurs just as it does in tensile loading. It 
is greatest at high unit loads and at high temperatures. For 
these reasons the unit static load is generally limited to a con- 
servative value when dimensions or clearances are to be main- 
tained. It is difficult to give generally applicable figures because 
of the wide variations produced by compounds and other vari- 
ables. A permanent set or flow of 5 per cent of the original 
height is not uncommon with unit loads of 200 to 4000 lb per 
sqin. The upper limit of unit static load for conservative design 
is generally taken as of the order of 700 lb per sq in. Deflection 
is generally limited to from 10 to 20 per cent of the free thickness. 

It is difficult to cure properly a slab of rubber which is too 
thick. This results from its poor thermal conductivity. The 
outside of a thick piece would be overcured (overvulcanized) 
while the inner part was still in a state of imperfect cure. For 
this reason, one dimension should be limited so that the central 
part of the rubber is not over a certain distance from an external 
surface. The maximum is generally regarded as about 1 in., giv- 
ing a maximum total thickness of a slab as 2 in. Most rubber 
manufacturers appear to prefer to limit the thickness to 1 in. 
when possible. 

The factors enumerated place certain limitations upon what 
ean be done with compression springs. If the limit of thick- 
ness be taken at 2 in. and the maximum permissible deflection 
under static load as 20 per cent, it is obvious that a deflection of 
0.4 in. is all that can be attained with a solid slab. With the pre- 
ferred 1 in. thickness the deflection would be only 0.2 in. Greater 
deflection can be obtained by perforating the slab in the direction 
of the loading forces but this procedure is limited in its applica- 
bility. As the bulge area is increased by this method the load- 
bearing area is decreased so that the method is self-limiting. 

To obtain greater deflection than can be attained practically 
with a single thickness, it is customary to stack two or more slabs. 
In some cases this is done with rubber in contact with rubber but 
it is now more common to stack rubber sandwiches metal to metal 
as shown in Fig. 16. To prevent sidewise slip between the metals 
various doweling arrangements are used. It is possible to pro- 
duce a simpler arrangement by producing the stack as a single 
unit. That is, the intermediate metals have rubber bonded to 
both sides so that the doubling up of metals and the necessity of 
doweling are eliminated. The molding and other costs are 
hecessarily higher so that this method is, in general, used only in 
the case of large production or to meet very special needs. 

It should be noted that part of the total height in all such con- 
structions consists of metal. This metal is generally at least '/;« 
in. thick. Therefore with limited dimensions for accommodation 
of the spring, the presence of metal reduces the possible quantity 
of rubber and therefore the possible deflection. 

It has been mentioned that rubber in compression is seldom used 
With statie loads producing more than 20 per cent deflection. 
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This is in terms of what may be called the thickness of the rubber. 
It is a fact that rubber may be used in shear with a deflection 
equal to the thickness. This has led some to conclude that a 
smaller amount of rubber can be used for a given springing job by 
utilizing its shear rather than its compression characteristics. 
The following examples will show that no such sweeping state- 
ment can be made. 

Stress-strain calculations have been made for two square rubber 
sandwiches used in compression. One is 4 X 4 X 1 and the 
other is 6 X 6 X 1, all dimensions being in inches and the thick- 
ness being 1 in. A unit load of 225 lb per sq in. or a total load of 
3600 lb produces a deflection of 20 per cent or 0.2 in. in the case 
of the 4 X 4 in. sandwich. For the 6 X 6a unit load of 405 lb 


ded’ 


Fic. 16 StTackepD COMPRESSION SANDWICHES 
per sq in. or a total load of 14,580 lb is required to produce the 
same deflection. 

In the case of sandwiches used in shear it has been quite com- 
mon to limit the unit static shear stress to 20 lb per sq in. and most 
designers now prefer not to exceed 40 lb per sq in. Shear sand- 
wiches have been proportioned on both these values to carry the 
same loads and at the same deflections as the compression sand- 
wiches just referred to. The total volume of rubber required in 
the several cases is given in the following tabulation: 


Total load, 3600 lb; deflection 0.2 in. 
Volume, 4 X 4 X 1 in. compression sandwich, 16 cu in. 
Volume, shear sandwich at 20 lb, 144 cu in. 
Volume, shear sandwich at 40 Ib, 32.4 cu in. 


Total load 14,580 lb; deflection 0.2 in. 
Volume, 6 X 6 X 1 in. compression sandwich, 36 cu in. 
Volume, shear sandwich at 20 lb, 583 cu in. 
Volume, shear sandwich at 40 Ib, 131 cu in. 


It will be observed that on this basis of comparison there is no 
case in which the shear sandwich uses less rubber than the com- 
pression type. In each case in which the shear sandwich is loaded 
at 20 lb the deflection is only 25 per cent of the thickness and in 
the case in which the 40-lb load is assumed the deflection is only 
about 56 per cent of the thickness. For the variations here under 
consideration the deflection in shear under a given load may be 
assumed to vary directly with the thickness. Therefore the shear 
sandwiches could be made to produce greater deflection by thick- 


n- 
n- 
1g 
he 
th 
ce 
to 
ed # ; 
is 
ES 
: 
| 
| 
| 
40 
ED | 
ke 
as 
et 
m 
5. 
or 
er 3 
id 
re 
ne 


486 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


ening them. But the same sort of result could be obtained by 
changing the shape of the compression sandwiches, by thickening 
them, by stacking them, or possibly even by perforating them, 
so that the relations shown in the tabulation would not be ma- 
terially altered by striving for a greater deflection. 

The choice between compression and shear loading cannot be 
placed on any universally advantageous characteristic of one or 
the other type. The decision must be made as the best com- 
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promise in each case. Such things as available dimensions, 
directions in which the forces are to operate, freedom desired in 
directions other than that of the principal force considered, and 
others may all come in for study. 

For example, a compression sandwich is capable of functioning 
as a shear sandwich in all directions at right angles to the line of 
compressive force. It will function as a shear sandwich if there 
are forces at an angle to the line of the compression force and if 
the structure into which it is built permits. Again, a simple 
shear sandwich is capable of acting as such in two directions at 
right angles to each other and as a compression sandwich in a 
direction at right angles to both of these. 

As another example, it may be convenient to suspend a heavy 
machine or engine by means of shear sandwiches fastened along 
the sides of the frame or underframe and most inconvenient to 
place compression sandwiches under the structure. 

The use of rubber in shear as a springing medium is probably of 
most interest to the engineer because of the great variety of pos- 
sibilities. These may be divided broadly into two classes which 
may be described as those in which the rubber is used in straight 
shear and those in which the rubber is used in torsional shear. 
Two simple examples of the first type are shown in Fig. 17 and 
two of the second type in Fig. 18. The use of rubber in shear was 
decidedly limited until satisfactory methods were developed for 


bonding rubber to metal. This made it possible to apply forces 
to metal and to transmit them to the rubber in a simple manner. 
Probably as a result of the late development of a practical means 
for using rubber in shear, the study of its behavior under such 
loading is far behind that of compression and tension loading. 
Work in which the authors have been engaged during the past 
several years made it necessary for them to study the behavior in 
shear to a sufficient extent to enable them to produce shear 
springs for certain limited purposes. They were hardly able to 
scratch the surface of this subject in the time and with the facili- 
ties available. But they did develop certain facts and viewpoints 
which may be of assistance to other workers in this field. 

The simplest conception of a rubber sandwich acting in shear is 
shown in Fig. 19. The opposing forces produce a deformation as 
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Fig. 20 CHARACTERISTIC STRESS-STRAIN GRAPH, RUBBER IN SHEAR 


indicated by the dotted lines and the deformation is given by the 
equation 


in which 
6 deformation in inches 
W force or weight in pounds 
t thickness of the rubber in inches 
A_ shear area in square inches, and 
G_ shear modulus or elastic modulus in shear. 


As in other cases already discussed, the modulus is not only a vari- 
able with respect to compound and cure but also with respect to 
shape and degree of deformation. The characteristic stres* 
strain graph for rubber in shear is shown by the full line in Fig. 20. 
It will be observed that it is substantially opposite in general 
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shape to the characteristic compression graph. It will also be 
observed that it indicates a varying apparent shear modulus. 
However, within the range of deformation in which rubber is 
commonly used in shear, the modulus for a given material in 
a given shape does not ordinarily vary more than 20 to 30 per 
cent. For different grades of material it varies from some- 
thing of the order of 45 as the lower limit for the soft stocks to 
something of the order of 225 to 250 for the harder stocks. 

The authors are of the opinion that if a shear test could be 
continued to sufficiently high deflections, the stress-strain graph 
would ultimately turn up as indicated by the dotted part of Fig. 
20. There appears to be good theoretical reason for such 
behavior. 

Inspection of Fig. 19 will show that the volume of the rubber 
does not change as shear deformation increases. But if a fiber 
of length ¢ in the upper surface be thought of, it will be realized 
that it must be elongated to a length indicated by 1. This sort of 
action appears to result in putting a tensile load on the bond be- 
tween the rubber and the metal. In experiments in which ree- 
tangular sandwiches were loaded in shear in this way it was 
found that with sufficiently severe loading the bond let go at cer- 
tain corners of the metal and that the fault then progressed 
gradually along the edges and toward the central area. 

Such concentrations of stress at the corners could be diminished 
to some extent by rounding the corners and could be eliminated 
completely by making the sandwich circular instead of rectan- 
gular in shape as shown in Fig. 21. In fact, a sandwich of this 
general type is used in wheels developed by the authors which 
will be described later. 

It will be observed that this sandwich has the same character- 
istics in any radial direction, and that these will be of the type 
illustrated in Fig. 20. However, it is comparatively stiff in a 
direction at right angles to its plane faces and tends to stiffen 
under increasing load. 

The type of spring shown at the right in Fig. 17 has no corners 
but yet has different characteristics from those of the type shown 
in Fig. 21. Loaded vertically it acts in shear with a typical 
shear-spring characteristic. In all directions at right angles to 
the vertical it acts as a compression spring and with compression- 
spring chacteristics. With respect 
to three principal axes, the spring 
of Fig. 21 may be made soft in the 
direction of two and hard in the direc- 
tion of the third. The exact opposite 
is true for the spring of Fig. 17. 

The simple analysis given in con- 
nection with Fig. 19 is only a rough 
approximation to the truth. The 
shear spring shown in Fig. 22 will 
assist in demonstrating this. The 
thickness has been made much greater 
than in the earlier presentation. It 
is obvious that Fig. 22 represents a 
cantilever beam if, for example, the — Fig. 21 CrrcuLaR SHEAR 
left end be assumed fixed. The de- SANDWICH 
flection due to shear would increase 
uniformly from the left toward the right. But, as a cantilever, 
the deflection would increase with the cube of the distance from 
the left-hand toward the right-hand end. It is evident that 
ho simple shear formula as suggested in connection with Fig. 19 
can give correct results in the case of cantilever action. Moreover, 
pure cantilever action would require that the right-hand end of 


the beam in Fig. 22 rotate so as to remain perpendicular to the 
heutral axis. 


In practical work with shear sandwiches the conditions are 
Usually such as to prevent such rotation so that further compli- 
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cations are introduced. This is indicated in Fig. 23. The 
restraint offered by the guiding of the right-hand end results in the 
production of deflections as shown by the dotted lines, with high 
concentrations of tensile stress at a and b, respectively. It has 
been observed in tests that the separation from metal previously 
spoken of tends to occur at the upper corners and edges of the 
left-hand plate and at the lower corners and edges of the right- 
hand plate, with configuration as in Fig. 19. It appears probable 
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that the beam action as just 
explained is responsible for 
this phenomenon. 
Since the beam deflection 
varies with the third power 
of the thickness, its effects 
can be minimized by using 
thin sandwiches instead of 
thick ones. Experience shows 
no particular difficulties with 
rubber an inch thick unless 
exorbitant deflections are 
attempted. 

} It is sometimes possible to 
a od use a sandwich of the shape 
shown in Fig. 24. When such 
x y 


a spring is deflected, the 
| length of the upper and lower 
l surfaces tends to become 
shorter instead of longer up to 
the deflection 5 when they 


Fic. 24 Brasep SHEAR Sanpwicn reach the horizontal. By 

using proportions which will 
put all the deflection above the horizontal lengthening of the 
surfaces can be prevented and the tendency to pull loose at cor- 
ners appears to be minimized. By choosing proportions such 
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that half the deflection produces the horizontal configuration, 
the lengthening of the surfaces will be approximately half what 
it would be with the initial shape as in Fig. 19. 

The use of what may be called a biased sandwich is not an un- 
mixed blessing. As distortion toward the horizontal direction 


Fic. 25 Curvep Top Contour Fic. 26 Batancinc MoMENTS 
occurs there may be a folding of the rubber in the upper or lower 
surface or both. If this occurs to too great an extent, the rubber 
will deteriorate rapidly at the place in whichthefoldappears. The 
laws governing this action are not known to the authors. It has 
been found by them and by others that folding can be prevented 
or minimized by changing the top and bottom from plane to curved 
surfaces of the proper shapes. At the present time the proper 
shape must be determined experimentally. It generally ap- 
proaches the equivalent of two arcs joined by a tangent as shown 
in Fig. 25 although other and simpler shapes have been dis- 
covered recently. 

It has been found that crosswise compression of the sandwich 
tends to prevent separation of rubber from metal at critical 
points. This also is not a universal cure since the behavior of 
rubber like a liquid makes it possible for compression loads to 
produce tensile strains at unexpected places. 

Precompression can be used for another purpose. This is 
illustrated in Fig. 26. It is evident that the load W directed 
vertically downward produces at the left-hand plate a moment 
Wt. For a given load and a given configuration, it is possible to 
choose a precompressing force P and a vertical distance between 
centers of application such that the moment Pa just balances the 
Wt. Since the deflection will change as W changes and, within 
limits, in direct proportion to W, it is not possible to maintain a 
perfect balance of moments over a wide range of load and with a 
constant value of P. 

It has been proved experimentally under a wide range of condi- 
tions that the use of precompression does not alter the load-deflec- 
tion ratio of a shear sandwich, at least to any significant degree. 
Precompression pressures vary from about 50 to 150 lb per sq in. 

When testing sandwiches of different thicknesses in shear, there 
is some indication of a unique condition adjacent the plates to 
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which the rubber is bonded. Fragmentary data appear to show 
that for the purpose of calculating load-deflection ratios with a 
given rubber, the thickness of active rubber should be taken as the 
actual thickness less twice the thickness of this unique layer. 

It has already been indicated that the bonding of rubber to 
metal in a commercial sense is a comparatively recent invention. 
Most rubber manufacturers will now guarantee a bond strength 
of from 200 to 250 lb per sq in. It is not uncommon to attain a 
bond strength of over 400 lb per sq in. Some bonding methods 
now being experimented with are claimed to give a strength of 
about 2000 lb per sqin. In view of the many unknown factors still 
encountered in the design of rubber springs and in view of the 
newness of the art, it is customary to limit loads upon these 
bonds to values of the order of 25 to 30 lb per sq in. except in 
cases which have been very carefully explored and tested. Under 
favorable conditions the authors have used values as high as 50 to 
60 Ib. 

Enough has been written to indicate that the design of a rubber 
shear or torsion spring upon the basis of simple shear action over 
the entire cross section of the rubber may lead to unexpected re- 
sults. On the other hand, if experience is available with a given 
shape of spring in proportions not too different from those 
required, a value of the shear modulus derived from the existent 
springs may be used with simple shear and torsion formulas to 
design new springs. It must be realized that what is called the 
shear modulus in such cases is really a grand composite of a 
number of different factors which have been lumped into one 
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“constant.’’ This constant can be used with assurance only for 
conditions which do not depart too radically from those for which 
it was determined. 

Rubber is a comparatively expensive material. For this reason 
refinement of design which will decrease the quantity of rubber 
needed for a given purpose is frequently justified. An example is 
shown in Fig. 27. The spring indicated by (a) obviously makes 
poor use of the rubber distant from the central shaft. The maxi- 
mum stress in the rubber occurs at the inner shaft and falls off 
with the square of the radius. The form shown in (b) takes this 
into account and varies the length l of the rubber to maintain a 
constant stress. Where many springs of one kind and size are to 
be built the extra mold costs that may be necessary for the more 
complicated shape required to save rubber will generally be found 
a paying investment. : 


RUBBER SPRINGS IN A STREETCAR 


With the assistance of others, including research men, streetcar 
operators, streetcar manufacturers, and rubber manufacturers, 
the authors have developed during the past few years a streetcar 
in which rubber is used for several different springing purposes. 
These cars are now in commercial operation in a number of cities 
in this country. Two of the applications of rubber are described 
in the following paragraphs. 

It should be emphasized that rubber was not used merely as a 
novelty. It was adopted after long and careful study and test 
because it was found to give a better solution that any other that 
was thought of. The practical performance has thus far been 
satisfactory and there is now no indication that rubber does not 
offer a successful means of accomplishing the ends desired. 

One objective was the reduction of the unsprung weight to 
achieve the ends thus obtainable. Another was the reduction of 
noise made by the streetcar. It was felt that the first objective 
could be obtained by the use of a resilient wheel, and the second 
could be furthered by using rubber as the resilient material. After 
the trial of many semicommercial designs and thedevelopment and 
trial of many designs of our own, the one shown semidiagrammati- 
cally in Fig. 28 was adopted. It is now in use on several hundred 
cars and appears to be reasonably satisfactory. The earliest 
models have now operated about 70,000 miles in commercial use. 

Inspection of Fig. 28 will show that the web of a conventional 
steel tire is clamped between two rubber sandwiches by two cheek 
plates connected to the hub of the wheel. The tire can thus move 
radially by deforming the rubber in shear and axially by deforming 
the rubber in compression. The rubber is so proportioned in the 
later wheels as to permit a radial deflection of about */,¢ in. 
under a radial load of 8000 lb. Under the conditions of use with 
the maximum passenger load, the static load is less than 7000 Ib. 
The earlier wheels were proportioned for '/s in. deflection under 
8000 lb; an attempt is now being made to obtain '/; in. for new 
constructions. 

The importance of resilience in the wheel is shown in Fig. 29. 
The graph was obtained experimentally. It shows the variation of 
vertical acceleration at the journal box with increasing resilience 
in the wheel. It will be observed that the greatest gain is made 
with comparatively small additional “springiness” but that a de- 
flection of 1/, in. under 8000 Ib does not by any means represent 
the limit of possibilities. 

Evidently, the completely unsprung weight is reduced to that 
of the tire, its web, and the adjacent sandwich plates. Reduction 
of noise level is also achieved because the noise generated at the 
Wheel-rail contact cannot be transmitted metallically to the hub 
and axle and from them by metallic paths to the remainder of the 
truck and the car body. Such noise energy as passes into the web 
must pass through the rubber sandwiches to find its way into the 
remainder of the structure. 
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The noise produced by transmis- 
sion of vibrations directly from the 
tire to the air still remains. Much 
effort has been expended in at- 
tempts to devise a tire construction 
which would transmit less in this 
way. A number have been found 
which were satisfactory from the 
noise standpoint but, unfortunately, 
none of them had sufficient strength 
to give the necessary life in service. 

In an earlier section of this paper 
reference was made to the large 
thermal-expansion coefficient of rub- 
ber and the need for taking it into 
account in some cases. This wheel 
serves as an excellent example. The 
pressure put upon the rubber is 
determined by the position of the 
hub nut. The further this is screwed 
into the hub, the greater the pres- 
sure on the rubber. The wheels are 
adjusted to produce a pressure of 

25,600 lb under the nut when all 
ll \ parts are at 70 F. The pressure 
y | under the nut then varies with tem- 
perature as indicated in Table 3. 
It is evident that the setting of the 
nut must be made with respect to 
the temperature existing at the 
time. Otherwise the wheel might 
be too loose at low temperatures or 
too tightly compressed at high tem- 
peratures. 

The springs upon which the car 
body is carried are of a novel form 
shown earlier in Fig. 5. They con- 
sist of four “cylinders” of rubber 
bonded to flanged metal cylinders as 
shown in the cross section. The 
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Fic. 28 Cross SEcTION OF 
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TABLE 3 
Temperature, F Pressure under nut, lb 
—20 11,000 
0 14,300 
+20 17,700 
40 21,000 
60 24,100 
70 25,600 
90 29,000 
110 32,100 


ness of about Lin. The height of rubber diminishes from the cen- 
ter toward the outside so as to approach constant-shear area. 
This is not carried to the limit that is possible because the spring 
would then have inadequate lateral stability for the purpose 
intended. That is, if the bottom were held, the top could be 
moved sidewise too easily. 

As constructed, the central section forms the weakest spring. 
The load-deflection ratio increases in successive sections as one 
moves outward. The umbrella structure moves downward as 
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Fie. 30 Fioor-VisrRATION REcorRD FOR CONVENTIONAL AND Ex- 
PERIMENTAL RUBBER-SPRUNG STREETCAR 


the spring picks up load and it puts out of action one after an- 
other of the cylinders. The result is a load-deflection graph 
such as that shown by full lines in Fig. 6. The static load placed 
upon the spring with empty car is of the order of 1600 lb. The 
static load with maximum passenger load is of the order of 2900 
Ib. It will be observed that the part of the graph applying to 
light-load conditions would give a negative intercept on the de- 
flection axis if continued backward as a straight line. This 
makes the spring softer for such conditions. As the load increases 
from one limit to the other there isa step-by-step stiffening of the 
spring which tends to proportion it to the load in such a way as 
to approach a constant frequency. At the upper end the spring 
becomes very stiff so as to snub violent impacts. 

This spring was designed to give comparatively large deflections 
in the vertical direction and small but measurable ones in all 
horizontal directions. It will be observed that the form is ideal 
for such purposes. 

Ease of fabrication and the use of precompression are obtained 
by making the spring in two halves and of such proportions that 
they have to be pressed together to enter them into the spring 
containers. The central tube is entered into a receptacle at the 
top which serves the same purpose. 

As already indicated, these springs have limited inherent damp- 
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ing ability for low-frequency vibrations when in use. They are 
therefore used with hydraulic shock absorbers in parallel with 
them. It has been found that on very good track the best results 
are obtained by setting the shock absorbers for an exceedingly 
small degree of damping. Stiffening of the shock absorbers pro- 
duces a “hardening”’ of the ride. 

One of the objectives of using rubber instead of steel springs 
was the reduction of the amplitude of the high-frequency vibra- 
tions of the floor of the conventional streetcar. This was to be 
achieved both by elimination of damping forces which did not 
attain zero values at the limits of motions and by inserting in the 
system a medium which would be effective in absorbing high- 
frequency vibrations originating below it and having to pass 
through it to reach the car-body floor. Another objective was the 
reduction of noise resulting both from passage of acoustic vibra- 
tions through the springs and from the generation of noise at the 
places where metallic springs are attached to the remainder of the 
structure. 

The extent to which high-frequency vibrations can be elimi- 
nated by rubber springing of vehicles is shown by the vibration 
records given in Fig. 30. The record of the conventional car was 
obtained on good rail. It is characteristic of the extent to which 
high-frequency vibrations exist in the conventional streetcar. 
Records obtained on many different cars differed widely but in 
all cases they showed a great number of such vibrations of rela- 
tively great amplitude. The example given is by no means the 
worst obtained. 

These records were made by means of an accelerometer adapted 
to record vibrations in the three principal directions and placed on 
the car floor at the center of the car. The upper record is that of 
transverse or crosswise vibration. The next below it shows ver- 
tical vibration and the one below that gives the fore-and-aft or 
longitudinal vibrations. The fourth or bottom record is a time 
scale. Attention is called to the small vertical line labelled g. 
This is the scale for vertical vibration and represents an accelera- 
tion equal to gravity. For purposes of evaluation, measure- 
ments must be made from a line of zero acceleration to positive or 
negative peaks. 

The record for the experimental car was obtained with a rubber- 
sprung experimental car operating on poor rail. It speaks for 
itself and shows what can be done to make the streetcar a more 
pleasant vehicle in which to ride. It should be explained that the 
improvement shown is not due entirely to the use of rubber; 
other innovations also have had their effects. However, the rub- 
ber is the most important factor in reducing the high-frequency 
vibrations as shown in these records. 

Inspection of Fig. 30 will indicate that the predominant fre- 
quencies shown for the conventional car are within the acousti¢ 
range. Therefore, their practical elimination in the experimental 
car indicates a great reduction of noise level unless other sources of 
noise have been accentuated. It is a fact that the new form of 
car is markedly quieter than the old form in spite of the fact that 
steel tires still run on steel rails. It is also a fact that ways are 
now known by which the noise level may be further reduced to 4 
marked degree. 


Tue Furure or RUBBER IN MECHANICAL ENGINEERING 


The experience that the authors have had in adapting rubber 
to the springing of streetcars and to other mechanical-enginee™ 
ing purposes leads them to believe that there is a tremendous and 
hardly touched field for the use of rubber for mechanical pul 
poses. It is a material with many unique characteristics which 
the mechanical engineer can use to good advantage in many 
applications if and when the necessary technical information be 
comes available. At present there are tremendous unfilled gaps 
in our knowledge of the properties of this material. 
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PROCESS INDUSTRIES 


Inspection of A.S.T.M. Standards and Tentative Standards 
for rubber and methods of testing it is all that is necessary to 
show the state of knowledge of this material with respect to those 
matters which concern the engineer who would use it for me- 
chanical purposes. References to it in mechanical-engineering 
textbooks and handbooks are almost nonexistent. On the other 
hand, the tremendous advances that have been made in the 
pneumatic tire within a generation show what can be done when 
attention is concentrated on the development of a particular 
type of rubber product. 

If this material is to attain the position it seems to deserve in 
the field of mechanical engineering it must be investigated 
comprehensively as have, for example, steel and other commonly 
used metals. There is here an almost virgin field for mechanieal- 
engineering research. It is necessary that the subject be lifted 
out of the field of practically pure empiricism; that rational ex- 
planations of complicated phenomena be produced. 

It is possible that research will prove rubber to be subject to 


exactly the same laws of elastic behavior as are metals but that 


certain characteristics are exaggerated and others submerged in 
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such ways as to make it appear quite different. It is also possible 
that a thorough study of rubber may serve to enlarge and modify 
our present views with respect to the elastic behavior and com- 
position of material in such a way as to result in a more nearly 
perfect interpretation of the behavior of more commonly used 
engineering materials. 

Whatever the outcome, the subject is one of tremendous poten- 
tialities and, it is believed, of relatively tremendous importance. 
But it must not be attacked in any superficial way if worth-while 
results are to be expected. Rubber is not just rubber any more 
than steel is just steel. Inspection of the records of tests of rub- 
ber in the literature will show that they are in many respects like 
those of steel made a few generations ago. 

It is true that rubber technicians have made great advances in 
the basic study of rubber compounds in the last few years. Most 
of them are employed by rubber manufacturers and their find- 
ings remain the properties of theiremployers. However, the time 
has now arrived when a better general understanding of this 
material is necessary if it is to fill the place it seems destined to fill 
among engineering materials. 
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TEX-59-2 


Processing of Ravon Staple 


By HEATH O. KENNETTE,' NEW YORK, N. Y. 


Rayon staple has been produced for a number of years, 
but only recently came into prominence. It produces a 
fabric which is distinctly different from any other textile 
fiber. Because of its ability to blend readily with all other 
known fibers, it offers almost unlimited possibilities in 
fabric development. At the present time, it is being used 
extensively in dress goods, men’s suitings, necktie fabrics, 
upholstery, plushes, towels, knitted outerwear, and a 
great variety of novelty fabrics. Because of its distinctive 
qualities, rayon staple has earned its position in the tex- 
tile industry and no doubt will become one of the most 
prominent textile fibers of the future. 


HE manufacture of rayon staple by the producers is 

practically identical with that of continuous-filament 

rayon yarn up to the spinning machine, but because of 
the different spinning conditions and subsequent operations, a 
special plant is required. The same care and supervision is just 
as imperative in making rayon staple as that required for con- 
tinuous-filament rayon yarn. 

When regular rayon yarn is spun, 100-denier 60-filament, we 
have 60 separate continuous filaments forming a thread. This 
yarn is then purified and processed to the finished product as a 
separate unit. Rayon staple made by this process would be 
prohibitive in price; therefore the producer was forced to develop 
a spinning machine that would spin a yarn containing thousands 
of filaments as a unit. After spinning, the staple is purified, 
cut to length, dried, opened, conditioned, and baled. The staple, 
as received by the mill is in a bale, similar in size and density to 
that of cotton. 

Rayon staple is manufactured by both the viscose and acetate 
processes and can be produced in several degrees of luster such as 
bright, semidull, and dull. The denier per filament can also be 
controlled to any desired size. The most common at present are 
1.5, 3, or 5.5 denier per filament, 1'/: in. in length. The fiber 
can be cut to any length desired. The length and fineness of the 
fiber affect the strength of the yarn. The longer the fiber up to 
two inches, and the greater the number of filaments in the cross 
section of the spun yarn, the stronger the yarn. 

The hand and character of the fabric can be changed by the 
use of different size filaments. The 1.5 denier per filament rayon 
staple produces a soft fabric. The 3 and 5.5 denier per filament 


' Technician, sales service section, rayon division, E. I. du Pont 
de Nemours & Co. Mr. Kennette received the degree of B.E. in 
textile manufacturing from North Carolina State College of Agricul- 
ture and Engineering in 1922 and for the next four years served as 
assistant superintendent of the Mooresville Cotton Mills, Moores- 
Ville, N.C. He was next associated with the Star Thread Mills and 
Princeton Manufacturing Co., Athens, Ga., as manager, resigning to 
become supervisor in textile area for the Du Pont Rayon Co., Old 
Hickory, Tenn. From 1930 to 1936 he served as salesman with the 
same company in Charlotte, N. Y., assuming his present duties at 
the end of that period. 

‘ Contributed by the Textile Division and presented at Greenville, 
8. C., April 7, 1937, during the Southern Textile Exposition under the 
auspices of the Greenville Section of THe AMERICAN SocIETY OF 
Mecna NICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 11, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


omens as individual expressions of their authors and not those of 
Society. 


produce fabrics with a different hand more closely resembling 
different grades of wool. By blending these fibers together 
and with other fibers, such as wool and silk, many desirable and 
unusual effects are obtained. The blending operation is usually 
done before the picking, but the type of yarn desired governs 
where the blending will be made. 


CONDITIONING OF STAPLE BY MILL 


The proper conditioning of rayon staple by the cotton mill 
before processing, and the proper control of relative humidity 
through the mill, particularly in the picking and carding opera- 
tion, has been found to be most helpful. The staple should be 
opened, fluffed up, and allowed to normalize in a humidified area 
under mill conditions for at least 24 hours before running. The 
relative humidity at this stage and throughout the carding and 
spinning mill should be maintained close to 55 per cent for viscose- 
process staple and close to 65 per cent for acetate staple. 


PICKING 


As rayon staple, both viscose- and acetate-processed, is supplied 
in a reasonable well-opened state free of foreign matter no clean- 
ing operation is required. The main object of the picker on rayon 
staple is to prepare the staple for good carding by thoroughly 
opening the staple and producing a uniform, well-formed lap. 
In general, the least amount of picking employed to produce a 
satisfactory lap, the better will be the condition of the fiber. 

The question as to whether blade or carding beater gives the 
best results is subject to much debate. Both types are being used 
successfully. Generally speaking, a carding beater will cause 
more neps than a blade beater, but by thoroughly breaking up 
the small lumps and fleecing of the staple, a more uniform lap 
is produced. 

The speed of the beaters depends largely on local conditions 
and can best be answered by the mill. We have found that 
blade beaters operating near 1000 rpm, and carding beaters near 
800 rpm give good results. Fan speeds slightly in excess of the 
beater speeds work satisfactorily. 

Because of the greater density of rayon staple as compared to 
cotton, it is generally necessary to reduce the speed of the hopper 
feed. The production of the picker on rayon staple is comparable 
to that of a good grade of cotton. 

The weight of the lap depends largely on the counts to be pro- 
duced. A 12- to 14-0z per yard finished lap gives a good working 
weight. 

Rayon staple can be successfully handled by the conventional 
cotton pickers or by the one-process picker without major 
changes. 


CARDING 


It has been found in general, that if the card is in good shape 
and is doing satisfactory work on cotton, no trouble will be 
experienced in changing over to rayon staple. Normal card 
settings used on a good grade of cotton work equally well on 
staple. The top flats should be run as slowly as possible, ap- 
proximately one inch per minute, and the top edge of the stripping 
plate should be set as close as possible so as to minimize the 
amount of strips. These strips normally can be reworked with- 
out trouble. 

Sometimes trouble is experienced by the web’s sagging or 
breaking. This can usually be corrected by adjusting the comb 
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and by maintaining the proper relative-humidity conditions. 
However, under some conditions it is necessary to increase the 
speed of the calender rolls. 

Much has been written about removing the mote knives and 
replacing them with a steel undercasing, but we have not found 
this necessary. Normally, the finer the wire of the card clothing 
up to 120 or 130, the better the results. We have also found that 
straight-wire and metallic card clothing give very good results. 

The card settings shown in Table 1 have been used success- 
fully. 

TABLE 1 


Doffer speed... . 6 to 9 rpm 
Cylinder speed... 165 rpm 
Licker-in speed.... 360 to 425 rpm 
Doffer to cylinder... 0.007 in. 
Licker-in to cylinder 0.007 in. 

Flats to cylinder..... 0.010 (all round) 
Feed plate to licker-in.............. 0.012 in. 


DRAWING FRAME 


It has been found that much of the trouble experienced in sub- 
sequent operations is traceable to too close a roll setting on the 
drawing frames. Rayon-staple fibers are easily stretched, there- 
fore much care must be given to proper spacing of the rollers. 
This will be governed largely by local conditions such as the bulk 
of the sliver produced, weights on the rollers, type of rollers, etc. 
We prefer leather-top drawing rollers, but metallic rollers also 
give good results. Judgment must be used in adjusting the ten- 
sion gear and selecting the proper-size trumpet to prevent stretch- 
ing. 

The following roll settings have given good results on 1.5 denier 
1'/, in. staple under average cotton mill conditions: First to 
second, 17/sin.; second to third, 2 in.; third to fourth, 2'/; in. 

The speed, draft, and production of rayon staple on the draw- 
ing frame is comparable to that of long-staple cotton. 


SLUBBER, INTERMEDIATE, AND ROVING FRAMES 


Because of its nature, rayon staple does not require the twist 
that cotton does, and so the front-roller speed on the fly frames 
would be excessively high unless some change is made. Normally 
the speed of the fly frames is reduced about 25 to 30 per cent to 
give the same front-roller speed as used on cotton. Care must 
be used in selecting the lay and tension gears to build a good pack- 
age without stretching the roving. Drafts normal to long-staple 
cotton give satisfactory results. 

We have found that the following twist factors will give satis- 
factory results on 1.5 denier, 1!/2 in. staple: 

Slubber, 0.70 to 0.75 times the square root of the hank roving pro- 
duced 

Intermediate, 0.75 to 0.80 times the square root of the hank rov- 
ing produced 

Roving frame, 0.80 to 0.90 times the square root of the hank 
roving produced. 

We have found that leather-top rollers give the best results on 
fly frames. Local conditions, twists, roller weights, and size of 
roving, govern roll settings. We have used the following roll 
settings satisfactorily: Slubber and intermediate, front to second 
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and second to third, 1'5/is in. and 2 in. Roving frames, front to 
second and second to third, 17/s in. and 1!5/j¢ in. 

Spindle speeds within the following limits have been used suc- 
cessfully: Slubber, 450 to 650; intermediate, 650 to 950; and 
roving frame, 950 to 1250 rpm. 


SPINNING 


In the spinning of rayon staple, drafts, speeds, and production 
normal to cotton can be used. It has been found that rayon 
staple yields its maximum strength with a twist factor between 
2.75 and 3.25. Sometimes it is desirable to go higher than this 
to get the desired hand to the fabric. Rayon staple can be 
twisted to produce a good crepe yarn, but as we go up in twist, 
the strength of the yarn comes down. 

Because the back rollers on the spinning frames are nonadjust- 
able and are set at less than the fiber length of 1'/, in., the floating 
middle top roller has become standard practice in spinning of 
rayon staple. 

Cork-top spinning rollers give excellent results on crepe, coarse, 
and medium yarn. On fine yarn, leather-top rollers give the best 
results. 

Generally speaking, the conventional system of drafting has 
given better results on medium and fine yarns; however, the long- 
draft system has been used successfully on coarse counts. 


SPOOLING AND WARPING— SLASHING 


Any type of spooling and warping satisfactory for cotton can 
be adjusted to use rayon staple satisfactorily. 

The cotton slasher is used on rayon staple principally because 
of the large volume of moisture to be dried out and the fact that 
this equipment is available in most mills. The slasher should be 
equipped with driven drums and temperature controls. The 
stretch should be held down as low as possible and should not go 
much over 1'/2 per cent. 

The question as to what type of size to use depends largely 
on the type of finishing the cloth will get. Good weaving results 
can be obtained from both gelatin- and starch-base sizes. 


WEAVING 


Weaving of rayon staple should be considered from the stand- 
point of rayon rather than cotton. Rayon staple like denier yarn 
is subject to variation in humidity and tension, and for this reason 
the same precaution should be observed. If the loom is set up 
with this in mind, no trouble will be experienced in weaving rayon 
staple. 

In processing rayon staple through the cotton equipment, no 
major changes are necessary. It has been found that rayon 
staple will stretch readily, therefore more care must be given to 
roll settings and twist factors than on cotton. Rayon staple 
requires a relative-humidity condition close to 55 per cent on vis 
cose process and close to 65 per cent on the acetate process, 
throughout the mill for best running. If one will keep in mind 
the principles employed in the carding and spinning of fine long- 
staple cotton, the problem is not complicated. With these 
simple rules in mind, the average mill will be able to make 4 
satisfactory yarn from rayon staple. 
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This paper describes the machinery that was used in the 
early attempts to weave rayon fabrics. It traces the 
course of machine development, correlating this, as far as 
possible, with the development of the fabrics and synthetic 
fibers themselves. 

Changes that were made in existing looms to enable 
rayon to be woven are described. Comparisons between 
the modern rayon loom and the old types that were used 
for weaving rayon are given. A description of the latest 
appliances for weaving rayon is included, as well as a 
discussion of the problems that are occupying the atten- 
tion of the rayon-weaving industry and textile-machin- 
ery manufacturers at present. 


weaving started in 1925. In that year, the first real at- 

tempt was made to investigate the problems of rayon 
weaving which, until then had been studied mainly by the mills 
that were endeavoring to use rayon for various purposes. 

At the outset, rayon was used in the cotton-weaving industry 
for decoration in shirting and dress goods. It was woven with 
reasonable success on automatic bobbin-changing cotton looms 
of the type shown in Fig. 1 not only because most of the decora- 
tion was in the warp but also because the decoration that was 
inserted through the filling was of such heavy counts and low 
twist that the weaving difficulties which later were evident were 
not a serious obstacle in the manufacture of the goods. By 1925, 
the use of rayon had been extended beyond mere decoration. 
Bedspreads with cotton warp and rayon filling were shown at the 
Made-in-Carolina Exposition in September and October, 1925. 
Brassiere cloth of rayon and cotton was produced in a number of 
southern mills, and various jacquard drapery fabrics using cotton 
warp and rayon filling made their appearance. Several of these 
fabrics were produced on automatic cotton looms, many of which 
were of the Crompton dress-goods type. The looms were equipped 
with undercam harness motions, dobbies, and jacquards and 
with two or four cell box motions and magazines. 

Because this type of loom had been built originally for the 
cotton industry, it was not suitable for rayon weaving, even for 
the fabrics mentioned. Investigation showed that the primary 
difficulties in the mills were 


(1) Retaining the filling on the bobbin when it was in the shuttle 
(2) Retaining the filling on the bobbin while it was in the magazine 

' Assistant to General Manager, Crompton & Knowles Loom 
Works. Mem. A.S.M.E. Mr. Palmer was graduated in 1920 from 
Harvard College with the degree of S.B., and from the Harvard 
Engineering School in 1923 with the degree of B.S. in mechanical 
engineering and business administration. The following year, he 
studied at the School of Technology, Victoria University, Manchester, 
England, as Sheldon Fellow of Engineering from Harvard University, 
and, in 1924, made an investigation of the textile-machinery industry 
in the principal European countries. He then formed his present 
association and has since been engaged in problems of research and 
development in the manufacture of textile machinery. 

Contributed by the Textile Division of THz AMERICAN Society OF 
MecuantcaL ENGINEERS and presented at the National Rayon Tech- 
nical Conference, Washington, D. C., May 14 and 15, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 11, 1937, for publication at a later date. 

Nore: § atements and opinions advanced in papers are to be 
understood ‘as individual expressions of their authors, and not those 
of the Society. 
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Mechanics of Synthetic-Fiber Weaving 


By ALBERT PALMER,' WORCESTER, MASS. 


(3) Obtaining satisfactory tension in the shuttle eye 
(4) Bruising of yarn by the filling detector which is responsible 
for indicating the absence of filling yarn on a bobbin 


Attempts were made to overcome these troubles by various 
means. To prevent the yarn from shelling or sloughing off the 
bobbin, the bobbin itself was sometimes treated with sizing or 
some kind of oil, after having been wound. At the same time, 
the number of turns per traverse was increased in the winding. 
Despite these attempts to overcome the difficulties of weaving 
rayon on automatic cotton looms, almost all successful weaving 
was done nonautomatically. In the southern mills particularly, 
nonautomatic cotton looms, (Fig. 2), both plain and drop box, 
were used. To make these looms operative, however, certain 
changes were made, the most important of which were 


(1) The rising roll takeup was replaced by the type using a chain 
and friction driven cloth roll; and a 20-in. circumference 
take-up drum was substituted for one having a 14!/;-in. cir- 
cumference 

(2) The side stop motion was replaced by a center filling stop 
motion 

(3) The steel race plate was replaced with wood, sometimes 
covered with felt or similar fabric 

(4) The vibrating warp rail was replaced by a 4-in. round wooden 
whip roll supported by the so-called Durkin thick and thin 
preventer 

(5) Bobbin length was reduced from 8 in. to 7*/, in. or less 

(6) Fur and other materials as well as various tension devices were 
incorporated in the construction of the shuttles which, in 
most cases, were reduced in size to decrease the shed opening 

(7) A feeler was added to stop the loom when the filling was ex- 
hausted 

(8) Four- or six-bank warp stop motions of the mechanical or 
electrical type were added , 


In addition to these improvements, looms were generally over- 
hauled to eliminate play in the working parts. Brake lining was 
put on the brake band in an effort to stop each loom before the 
reed touched the fell of the cloth, and the beams and beam heads 
were made as true as possible. 

All this activity in the cotton mills went principally into pro- 
duction of heavy voiles until, in 1928, a movement toward crepe 
manufacture was started. This fabric already had been made 
by one of the rayon companies which installed in its plant, as 
early as 1925, some 2 X 1 dobby silk looms to demonstrate the 
feasibility of weaving synthetic fabrics of this type. The 
Knowles 2 X 1 nonautomatic silk loom is typical of the silk looms 
that were in use in the silk mills of the country. Silk crepe was 
woven on it. Consequently, the logical step was for all rayon 
crepe to be tried on this machine. A few silk mills did enter 
the field, but the industry, as a whole, apparently did not adopt 
rayon wholeheartedly until the finer deniers of yarn began to 
make their appearance. 

Much early work in all rayon crepe weaving was done on non- 
automatic looms by cotton mills which, in several instances, con- 
verted 1 X 1 looms to 2 X 1 units by the addition of a box mo- 
tion, after having made all the alterations that have been 
enumerated. 


THE AUTOMATIC LOOM OF 1928 


In 1927, Crompton & Knowles Loom Works, realizing the 
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deficiencies of the looms that were being used by the cotton mills 
for weaving fine cotton and rayon fabrics, started work on a new 
cotton loom. This machine was of the automatic bobbin- 
changing type and was designed with many improvements to 
make possible automatic weaving of all-rayon fabrics that were 
being produced by the cotton mills. The first of these new 
looms went into operation in 1928. Although the majority of 
them were sold for weaving straight cotton fabrics, such as mar- 


Vic. 1 Automatic GincHaAM Loom UseEp In EARLY ATTEMPTS TO 
WEAVE Rayon-DECORATED FABRICS 


quisette clip-spots, handkerchiefs, shirting, and dress goods, 
many went into mills that were weaving rayon. Attempts to 
operate these automatic bobbin-changing looms on rayon soon 
showed that something further was necessary, particularly as re- 
gards the automatic feature. Despite the improvements, the auto- 
matic bobbin-changing mechanism still gave trouble. The prin- 
cipal causes were essentially the same as those that had been 
experienced with the old automatic bobbin-changing cotton 
looms that first were used for weaving fabrics with rayon decora- 
tion. To enumerate these difficulties again, they were 


(1) Difficulty in retaining the filling on the bobbin while it was 
in the magazine 

(2) Difficulty in threading the shuttle on the first pick after the 
transfer of the full bobbin into the shuttle 

(3) Uneven tension on the filling on the first pick after transfer 

(4) Drawn-in filling ends 

(5) Broken filling, resulting from the transfer 

(6) Cutting of filling by the filling detector or feeler 


Experiences with this loom indicated need for a different type 
of automatic machine. Accordingly, work was started on a 
shuttle-changing automatic loom which would eliminate the 
difficulties incident to looms embodying automatic bobbin-chang- 
ing. This shuttle-changing principle had been used experimen- 
tally for years on various types of looms, particularly on certain 
duck looms. Most of these shuttle-changing looms, however, 
were not a thorough success commercially, except for one type 
of shuttle-changing mechanism, in which the loom stopped 
momentarily when a new shuttle was inserted. Even that 
machine was not entirely satisfactory as far as weaving rayon 
was concerned since stopping sometimes left a mark in the 
cloth. Except for this defect, however, the shuttle-changing 
principle had the characteristics that were necessary to success- 
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ful synthetic-fiber weaving. For this reason, the building of an 
automatic shuttle-changing loom that would transfer shuttles 
without stopping was undertaken. 


Earzy Looms ror Rayon 


The first installation of this automatic shuttle-changing cotton 
loom for rayon weaving was made in 1930. Each machine was 
equipped with a 20-harness dobby, a center filling stop motion, 
a mechanical side-slip feeler, and a take-up drum 20 in. in cir- 
cumference. The shuttle size was 15 X 1°/i¢ X 15/i¢ in. This 
installation was tested on various fabrics of all-rayon and rayon 
and cotton mixed. These included a flat crepe made with 64 
picks per inch of 100 denier, 40-filament viscose filling and 80 
ends per inch of single 46s cotton which were given a crepe twist; 
and various lining constructions having about 44 picks per inch 
of 150 denier, 24-filament viscose filling and 88 ends per inch of 
150-denier 24-filament viscose warp. The new looms were com- 
pared with nonautomatic cotton looms and automatic bobbin- 
changing looms from the standpoint of loom stoppage and quality 
of cloth. They also were run at speeds as high as 216 picks per 
minute. All this experimental work proved the superiority of 
the shuttle-changing principle for rayon work and the practi- 
cality of transferring shuttles without stopping the loom. 


Fig. 2. Nonavutomatic Cotton Loom Usep ror WeavinG PRrac- 
TICALLY ALL EarLy Rayon Fasrics 


While this work was going on, another important advance was 
started in 1930. In response to the request of an important silk 
mill which had proved itself to be an outstanding leader in the 
use of rayon, an installation of 2 X 1 automatic shuttle-changing 
cotton looms was built for weaving rayon crepe. Each loom was 
equipped with a 20-harness dobby, a 24-in. circumference take-up 
roll, a center filling stop motion, and an automatic letoff. It used 
shuttles measuring 15 X 1/1 X 1°/i¢ in. and had an internal 
electric feeler which indicated the exhaustion of the filling and 
put in motion the mechanism that transferred shuttles from the 
two-cell magazine. Experiences with this loom soon demonstrated 
that a machine other than a cotton loom was necessary t0 
give the desired results. In other words, the shuttle-changing 
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feature was found to be generally suitable but the loom itself 
had many features that were not right for the weaving of fine 
denier yarns. 


Tue Super Siitx Loom 


Coincident with the attempt to develop an automatic shuttle- 
changing rayon loom using the basic construction of the new 
cotton loom, still another important development was in process. 
In 1928, work on a new silk loom was started with the idea of 
offering to the real-silk industry a simplified machine that was 
capable of producing high-quality fabric at low cost. 

The first trial installation of this new loom, later to be known 
as the Super Silk or the Type S loom, was shipped in the early 
part of 1930. Several months of painstaking testing and re- 
designing followed. The original construction was changed, not 
only to improve the operation of the trial installation on real silk, 
but also to embody certain features that had been demonstrated 
to be needed by mills weaving rayon. These requirements were 
emphasized in 1929 and 1930 by certain cotton and rayon mills 
which saw the need for using a silk loom and which bought either 
new or secondhand silk looms of the Knowles type for weaving 
rayon. 

A nonautomatic super silk loom was shown at the 1930 South- 
ern Textile Exposition in Greenville. In 1931, shipments were 
made to a number of mills. Curiously enough, however, very 
few of the looms went on real-silk work. The vast majority were 
started on rayon. ‘The type S loom had found its place. 

The looms that were shipped in the first year were mainly 
cone harness looms of the nonautomatic type. A few were of 
the automatic bobbin-changing type. Later, dobbies and 
Knowles heads were applied. The outstanding addition, how- 


Fig. 3 Automatic Loom Fovur-CELi 
SuHvuTrLe Box anp MaGazINE FoR 75 Per CENT AvTO- 
MATIC OPERATION 


ever, was the application of the shuttle-changing mechanism which, 
as stated earlier in this paper, had proved itself to be essential in 
the automatic weaving of fine rayons. The combination of the 
shuttle-changing mechanism and the type S loom produced the 
first successful automatic loom for rayon-crepe weaving. 

The first of the shuttle-changing type S looms were built with 
electric filling detectors working in conjunction with a positive 
2 X 1 box motion. Subsequently, in 1933, the mechanism was 
changed so that the electric feeler could operate with a call box 
motion of the 2 X 1 type. A later innovation of 1935 was the so- 
called 75 per cent automatic shuttle-changing type S loom (Fig. 


3) in which two cells of a four-cell shuttle box contain shuttles that 
have their filling replenished automatically by the shuttle- 
changing mechanism, and two cells, shuttles in which the filling 
is replenished by the weaver. This loom was developed for 
fabrics having the body woven with the two automatic shuttles 
and the decoration with the two shuttles that are refilled manually. 

Without dwelling further on the history of rayon-weaving ma- 
chinery, some discussion should be presented here to show how the 
present equipment compares with the old looms, both cotton and 


Fic. 4 Apparatus Usep To Test THE CHARACTERISTICS OF Loom 
Letorr MECHANISMS 


silk. Certain outstanding differences between the type S and the 
Crompton cotton looms account for the success of the former in 
rayon weaving. In the first place, the warp beam is farther away 
from the harnesses than it is in the old cotton loom. Again, the 
crankshaft is positioned so that the harnesses can hang straight in 
the newer loom, whereas, in the cotton loom with a dobby of the 
same capacity, the harnesses were pulled forward at the bottom so 
that they might clear the crankshaft. The shed opening is smaller 
as the result of the smaller shuttle which is used in the type S 
loom. The circumference of the take-up roll is 31'/, in. as com- 
pared with 14'/s in. in the original and 20 in. in the revised 
Crompton cotton loom. A similar comparison between the 
type S and a typical silk loom, such as was used by the real silk 
industry and some early rayon weavers who abandoned the idea 
of using a cotton loom, shows that the modern rayon loom, in its 
over-all dimensions, is more like the old-time silk loom than the 
old-time cotton loom. 


Important Loom MEcHANISMS 


While the main dimensions of a weaving machine naturally 
have an intimate bearing upon the results that can be obtained 
with it, the mechanical details of design and construction are the 
items that, in the last analysis, determine its success or failure. 
For this reason, a few of the more important elements of con- 
struction in the type S loom will be discussed. The mecha- 
nisms that really constitute the backbone of a weaving machine 
are (a) the letoff, (b) the shedding mechanism, (c) the lay, (d) the 
picking mechanism, (e) the take-up, and (f) the magazine and its 
related parts. Many other small parts of the machine and aux- 
iliary items of equipment contribute to the satisfactory operation 
of the whole; but these groups of mechanism are of primary im- 
portance. 

The Letoff. The letoff mechanisms used in the weaving industry 


can be classified under three general types; friction, whip-roll 


control, and dead weight. 
The first type is the most common. Examples can be found 
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on cotton and silk looms. Ordinarily, in the cotton industry, the 
friction member that encircles the friction head consists of steel 
chain, whereas, in the silk industry, it consists of a piece of 
braided rope. Although this type of letoff is used in weaving 
rayon, it is not perfect. Tests that have been conducted by 
special recording apparatus, Fig. 4, indicate that the warp letoff 
at each pick is not uniform. 

The automatic letoff which operates on the whip-roll control 
principle also has its drawbacks. Here, as the warp tension 
builds up, the whip roll is displaced, thus allowing the throw of 
the letoff driving mechanism to be increased. In other words, 


Fie. 5 


AvuTOMATIC LETOFF OF THE DEAD-WEIGHT 


the apparatus can be likened to the action of a thermostat in 
regulating the temperature of a room. While reasonably sensi- 
tive, its action has a definite lag, depending upon the frictional 
resistance of the moving parts and the lost motion in the con- 
nections between the whip roll and the drive. Some letoffs of 
this type are worse than others. The best of them shows suffi- 
cient lack of uniformity in the amount let off to be unsatisfactory 
on fine rayon work, even though it has its place in the manufac- 
ture of cotton goods and coarse rayon. 

Letoff mechanisms employing the dead-weight principle have 
been found by experiment and practical use to be superior to the 
friction or the whip-roll control types. In this type of mecha- 
nism, the tension on the warp is determined by the weights that 
are hanging on the letoff, as shown in Fig. 5. The same results 
could be obtained if a rope were fastened to the beam head so that 
it would pass around the periphery and support a weight hanging 
on the free end of the rope. With this arrangement, the rope 
would be wound on the beam head as the warp was pulled for- 
ward by the take-up. The function of the moving parts in the 
dead-weight type of letoff is to compensate for the tendency of the 
rope to wind on the head. The weight is let back with reference 
to the beam as the beam rotates forward, thus maintaining a given 
position of the weight with reference to the rest of the loom. 

Among the studies that have been made on letoffs is one in 
which the tension variation during one revolution of the crank- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


shaft of the loom was determined. A curve of warp tension in 
terms of degrees of crankshaft rotation was plotted. This 
chart was made from readings taken by slow-motion pictures. 
It indicates an appreciable increase in the warp tension as the 
harnesses open, as well as at the time of beat-up. Obviously, 
tension with the harnesses open is a detriment because, at that 
time, the warp ends are supported on the thin edges of the heddles. 
The endeavor, then, is to eliminate, as far as possible, the in- 
creasing tension, as the harnesses open, by the dead-weight prin- 
ciple. With that type of mechanism, the beam can roll forward 
as the shed is formed, thus keeping the tension in the warp ap- 
proximately constant. Without this relief, the tension varies 
as is indicated in Fig. 6. Some variation occurs with the 
dead-weight letoff, because of the inertia of the beam and the 
weights. The exact amount has not been determined because 
slow-motion pictures of the mechanism were not taken until re- 
cently. The fact remains, however, that practical results with 
the dead-weight letoff indicate a condition of uniformity which 
is superior to the characteristics of the other two types of letoff. 

Shedding Mechanism. In the modern rayon loom, the shed- 
ding mechanism is an undeream-harness motion, a dobby, or a 
Knowles head. Some looms have been built with a cone harness 
motion and some with a jacquard, but the great majority are of the 
three types mentioned. These mechanisms have characteristics 
that differ somewhat. The undercam harness motion and the 
Knowles head have a definite dwell, whereas the dobby because of 
its crank motion, gives a continuous movement to the harnesses, 
except on one pick when the dobby hooks are not on the dobby 
knives. A comparison of these mechanisms, as plotted in Fig. 7, 
shows that the Knowles head changes the harnesses in 130 crank- 
shaft deg and allows them to dwell in the open position for 230 
deg. Similarly, the cam motion changes the harnesses in 210 
crankshaft deg and allows them to dwell for 150 deg. In some 
instances, particularly on five-harness work, the dwell is reduced 
to 120 deg to make the shape of the cam less abrupt. 

The effect of the dwell is to give less interference between the 
shuttle and the shed lines than is the case where a dobby is used. 
To have shedding conditions equivalent to those obtained with 
a cam-harness motion or a Knowles-head motion, the harnesses 
must be opened wider with a dobby. This naturally places an 
increased strain on the warp. On multiharness work, the 
Knowles head has another advantage over a dobby in that it can 
be equipped with sectional cylinder gears. These can be ad- 
justed so that all the harnesses do not cross at the same time. 
This characteristic is particularly valuable on heavy sley work 
where the warp ends interfere with each other when the harnesses 
cross at the same time as they do with a dobby. 

Although this comparison shows that the Knowles head mo- 
tion possesses points of superiority as compared with a dobby, it 
should not be construed as an indication that more heads than 
dobbies are used in rayon weaving. Of course, many dobby 
looms are giving good, practical results. The fact remains, how- 
ever, that the nearest approach to the ideal shedding condition 
can be obtained with the Knowles head. 

The Lay. The lay motion of the modern rayon loom includes 
one mechanism which is essential to the elimination of marks, 
a swing-reed release motion. This mechanism consists of a series 
of fingers that holds the backstay in position when the loom picks 
and that yields when it beats the filling into place. The purpose 
of the mechanism is to give the fell of the cloth a blow of uniform 
intensity regardless of its position. Ifthe weaver makes a pick- 
out and lets the cloth back a little too much, the swing reed 
yields sufficiently to compensate for the error. Until this motion 
was put on the type S looms, no satisfactory means for elimina 
ting start-up marks was available. Reeds on old cotton and silk 
looms were held in what amounted to a fixed position in most 
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Fic. 6 Variation or Warp TENSION FoR Two CompLete REVOLUTIONS OF THE CRANKSHAFT OF A Dossy Super SttK Loom 
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instances, with the result that to start a loom without leaving a 
mark in the cloth was virtually impossible. 

Incorporated in the backstay that supports the reed is a glass 

rod that prevents the warp from dropping on the race plate if the 
harnesses are set too low in the loom. Modern rayon looms not 
only have this feature but also are arranged so that the reed 
can be adjusted to line with the shuttle boxes. 
In the looms now being built, a shuttle box with a wide mouth 
is used. This arrangement, together with the corner of the lay 
beam and the race-plate covering, has a bearing on successful 
operation. The wide-mouth shuttle box was adopted to prevent 
cutting of the filling by the shuttle as it entered the box. The 
corner of the lay beam is made of wood and is covered with cor- 
duroy where formerly a brass casting was used. A wooden race 
plate also is covered with corduroy where, in the older looms, the 
race plate was of uncovered steel or wood in the cotton looms 
and wood covered with billiard cloth in the silk looms. 


CoMPARISON OF HARNESS Motions 


In the conventional shuttle-changing lay, provision is made for 
a shuttle either 15 in. long X 1°/is in. wide X 1%/;¢ in. high or 
15 in. long X 1%/s in. wide X 1'/;¢in. high. These shuttles take 
paper tubes which generally are 6'/; in. long and are wound to 
a diameter of approximately '*/;. in. for the large and */, in. for the 
small shuttle. These diameters could be somewhat larger but, 
in most instances, are kept small enough to permit the use of fur 
or sheepskin as shuttle lining. 

In the lay of the Crompton automatic cotton loom that was 
used for rayon weaving by some cotton mills when they started 
producing synthetic fabrics, a shuttle 153/, in. long X 17/3 in. 
wide X 1%/, in. on the back wall X 15/,, in. on the front wall 
was used. This shuttle took a bobbin 8 in. long X 1!/, in. wound 
diameter. Usually the bobbin was of the wooden type such as is 


used in an automatic bobbin-changing loom. These facts are 
brought out to show how much smaller than the original cotton 
shuttles are the standard rayon shuttles used on the type S shut- 
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tle-changing loom. Between these extremes are many variations 
which have been used on nonautomatic looms by rayon-weaving 
plants. 

The most recent development in bobbins and shuttles is the 
so-called flat-cop shuttle. Various designs are in use but, in 
general, the dimensions are approximately 16'/; in. long X 1'5/16 
in. wide X 1'/, in. on the back wall X 1'/j. in. on the front wall. 
These shuttles take an elliptical bobbin or cop which averages 
about 17/3: in. on the major axis and about '5/,. in. on the minor 
axis when wound. The bobbin itself is generally about 7%/, in. 
long. No opinion concerning the adoption of the flat-cop ar- 
rangement by the rayon industry as a whole can be ventured as 
yet. Mills are divided in their ideas, some finding it workable, 
others, an impossibility. Those who argue for it point out that, 
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as compared with the conventional shuttle-changing package of 
the larger size already mentioned, the oval bobbin will take ap- 
proximately twice as much yarn and that, because of the shuttle’s 
peculiar shape, the shed opening need be no greater than with the 
larger of the two shuttle-changing types. While this, of course, 
is true, the cross section of the oval package is not alone respon- 
sible for the increased carrying capacity. Approximately 50 per 
cent of the increase arises from the cross section and the other 50 
per cent from the increased length of the package. 

Picking Mechanism. Before describing the work that has 

been done, one comment with reference to picking motions per- 
haps should be made. Frequently, the question is asked, ““Why 
hasn’t somebody invented a better method for propelling the 
shuttle?’ The answer is that, despite all the mechanisms which 
have been built, nothing has been found which is better from a 
practical standpoint than the cam-operated mechanism that al- 
ways has been used. Some excellent electrical means for propel- 
ling a shuttle and others employing mechanical or pneumatic de- 
vices are in existence. They all have their drawbacks, however, 
from a cost and operating standpoint. For these reasons, the 
loom builders have striven to improve the conventional mecha- 
nism. 
In the old looms, picking cams were made by cut-and-try 
methods. Now, however, a theoretical displacement curve for 
the picker is worked out, taking into consideration the speed and 
width of the loom, the time and distance that are available for 
bringing the shuttle up to speed, and the time that can be allotted 
to the passage of the shuttle across the loom. From this dis- 
placement curve, the shape of the cam on its pitch line is deter- 
mined. A steel template of this shape is made and put in a 
grinding machine which generates the working surface of the cam 
in a pattern. The pattern is then used in the foundry to produce 
the chilled-iron casting that constitutes the picking cam itself. 

A few interesting facts have been determined through slow- 
motion pictures that were taken to aid in the design of picking 
cams. The actual shuttle velocity of a 54-in. silk loom was 40.9 fps 
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even though the cam was originally laid out to give 25.4fps. This 
increased velocity results from the resilience of the picker stick 
which must be taken into consideration when the picking cams 
are designed, not only because of its contribution to the velocity 
but also because of its effect upon loom timing. 

The distance that the picker sticks bend in actual operation is 
rather surprising. Slow-motion pictures show that, as the result 
of this bending and whatever stretching is in the picker-stick con- 
nections, the shuttle is as much as 2 in. behind the position in 
which it should be just after the loom starts to pick. For in- 
stance, in the silk loom that was tested, the shuttle, during 12 deg 
of rotation of the crankshaft, should have moved 3 in. from its 
initial position. Actually, as shown in Fig. 8, it moved only 1 in., 
showing that the picker stick was bent out of line by approxi- 
mately 2 in. 

Another interesting result of the moving-picture analysis was 
the determination of the shuttle-velocity drop as the shuttle 
moves across the loom. Taking the maximum velocity of the 
shuttle as it leaves the shuttle box as 100 per cent, the velocity as 
it enters the selvage was found to be 87.6 percent. At the center 
of the loom, it was 66.6 per cent and, at the opposite selvage, it 
was 59.5 percent. In other words, the shuttle loses approximately 
one third of its velocity in traveling from selvage to selvage. 

Take-Up. When compared with the cotton-loom mechanisms 
that were used for rayon, the take-up motion of the modern 
rayon loom has as its outstanding characteristic the size of the 
drum, 31'/, in. in cireumference, as compared with 14'/, and 20 
in. in the older looms. Another essential difference between the 
two looms is in the cloth-winding and guide rolls. In the latest 
type, the cloth comes over a wooden strip or a glass rod on the 
breastbeam; passes over a guide roll, around the take-up drum, 
around a pressure roll, and over another guide roll; and then 
goes to the cloth roll which is driven by a chain and friction ar- 
rangement from the drum. In the cotton looms, on the other 
hand, the cloth passed over the breastbeam which was made of 
wood instead of steel, then over a steel guide roll, around the take- 
up drum, over another guide roll, and finally to the cloth roll 
which was held in contact with the drum by spring-supported 
bearings. Thus, the cloth was wound on the cloth roll by the 
frictional contact of the cloth roll with the cloth on the take- 
up drum, a situation which introduced a considerable rubbing 
of the cloth on itself. This arrangement was soon found to be 
inadequate and was changed to one employing a lower winding 
roll driven by a chain which was not unlike that now employed 
in the modern rayon loom. 

In the older looms, the take-up was not fitted with pressure 
rolls as are the rayon-weaving looms. Some of these new looms, 
in fact, have two pressure rolls, one on the front and one on the 
back of the take-up drum. The front one is covered with thick 
Rosella felt and the other with a harder and denser felt that is 
similar to billiard cloth. In the cotton industry, coverings 
usually consist of various grades of perforated tin and sandpaper. 
The latter also has been used in the real-silk industry. With the 
advent of rayon, however, these coverings were found to be too 
harsh; consequently, crepe rubber was adopted. This, however, 
showed deterioration and, subsequently, was replaced with 8 
material called Texalox and various cork and rubber compositions. 
More recently, a composition of cork and Duprene has been used 
to eliminate the difficulties with rubber. 

Take-up gearing has been the subject of study, not only from 
the standpoint of tooth profile but alsé from that of the number 
of teeth in contact, the face width of the gears, and the adequacy of 
the supporting bearings, as well as their lubrication. Where the 
gears of the old looms, in many instances, had cast teeth, they 
now are made with cut teeth. Tooth profile has been improved 
to eliminate the involute interference that exists on ordinary 
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pinions and gears which are cut with the regular standard tooth 
length and a 14'/,-deg pressure angle. Thus, with improved 
bearings, the gears can be adjusted and maintained with the mini- 
mum backlash. 

In cotton looms, usually no provision is made for lifting the 
hold-pawl when the loom is stopped. In starting the loom, the 
weaver usually gains a pick and leaves a mark on rayon. The 
Type S rayon loom is arranged to lift the hold-pawl so that the 
loom will not take up a pick when the weaver starts the loom, 
after having stopped it for any reason. This item is a refine- 
ment which, although seemingly inconsequential, actually makes 
a great difference in the quality of the product. 

Magazine. As far as the shuttle-changing magazine, Fig. 9, 
and its operation are concerned, not much can be said without 
a long explanation of details. The essential point with regard to 
this mechanism is that the shuttles, as they lie in the magazine, 
are threaded so that, when they are transferred into operation, 
no difficulty is experienced with tension on the first pick or with 
threading the shuttle eye. Similarly, the question of drawn-in 
ends of filling, which is present in most bobbin-changing mecha- 
nisms is eliminated. 

Before leaving the construction of modern rayon looms, an- 
other point should be emphasized. Prior to 1928, cotton and 
silk looms were somewhat like agricultural machinery. The 
parts were not thoroughly machined and were fitted to the main 
framework by hand. Now, however, with accurately machined 
parts, looms can be built on an assembly line as are other modern 
products, like the machine tools and automobiles. The result is 
a solidly and accurately built mechanism which is capable of fine 
adjustment and which can operate at high speed and efficiency 
to produce first-grade cloth with minimum effort on the part of 
the employee. ‘ 

Auciliary Equipment. Outstanding among the investigations 
of auxiliary equipment that is essential to weaving-equipment 
operation is one concerning warp beams. In the cotton industry, 
warp beams, until recently, were made with a wooden barrel, into 
which gudgeons were driven at each end. The heads were 
fastened to the barrel by rods or bolts and were made with the 
flange cast integral with the friction drum. No attempt was 
made to have the flanges adjustable. In the silk industry, the 
beams usually had a wooden barrel with a through shaft, and 
friction heads, 10 in. in diameter, that were fastened at each 
end by long rods running from one beam head to the other. 
With these beams, paper was used so that the warp might be 
spread to the desired width on the beam. The scheme was to 
run a certain number of yards on the beam. Then, a paper 
covering was inserted, and the operation continued for a few 
yards. This process was repeated until a beam of the desired 
yardage was made. 

In view of the small yardage and the time involved in handling 
the paper, consideration was given to making a beam that would 
eliminate papers and would permit the beaming of greater yard- 
age. The first paperless warp beam was sent to a rayon mill in 
1929. This beam had 16-in. adjustable flanges that could be 
moved lengthwise of the beam to any desired width on a threaded 
sleeve. It also had a wooden barrel, and a through shaft. Since 

1929, thousands of these warp beams have gone into the rayon in- 
dustry. Subsequent developments, however, have increased the 
flange diameters to the point where the beam journals have been 
increased from 7/,in. in diameter to 1'/, in. to avoid bending the 
journals. Developments in steel beams also have been made 
So that, at present, all-steel paperless warp beams are available. 
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These beams were designed to increase the strength without in- 
creasing the weight. 

One of the difficulties encountered in beam design is the tre- 
mendous end pressure against the flanges which is produced in 
beaming a rayon warp. Apparatus for determining this end 
pressure has been built, but, to date, the work has not gone far 
enough to permit making generalizations beyond the observation 
that rayon warp acts like a pile of sand. Unsized warp is like 
dry sand, and sized warp resembles sand mixed with clay. As 
would be expected, therefore, end pressure on the flanges is great- 
est with the unsized warp. In testing, unsized warp was found 
to have an end pressure three times that obtained with sized 
warp. 

The development of paper tubes for filling and of fiber-covered 
shuttles, the substitution of steel heddles for cotton harnesses, 
the use of silk reeds instead of pitch band reeds, and improve- 


Fic. 9 SHUTTLE-CHANGING MAGAZINE OF THE TyPpE S Loom 
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ments in temples and temple rolls all have contributed to more 
perfect weaving. Similarly, the use of oil guards around the 
dobby, take-up gears, and picking motion has minimized the 
hazard of cloth spoiled by oil spots. 


Economic Status oF Rayon-WEAVING EQuIPMENT 


In concluding this paper, some reference to the equipment of 
the silk and rayon industry, as a whole, should be made. Ap- 
proximately 73,000 box looms are suitable for this work. This 
total includes no cotton looms. Of the looms 76 per cent are 10 
or more years old; 50 per cent, 15 or more years old; and 26 per 
cent, 20 or more years old. Only 12 per cent are of the latest 
type S shuttle-changing model to which this paper has been de- 
voted. All these machines have been built since 1931, and 
practically all are devoted to rayon weaving. 

These figures show that the equipment available for rayon 
weaving, at least as far as box looms are concerned, is still far 
from modern, from the standpoints of both age and ability to 
weave automatically. Thus, improvements that are being made 
by the machinery manufacturers should be paralleled by moderni- 
zation of the rayon-weaving plants. The great strides that have 
been made in less than ten years are a credit to the industry as a 
whole, but they constitute only a good beginning for what history 
will describe as one of the greatest contributions to the welfare 
and enjoyment of the civilized world. 
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Discussion 


The Use of Alloy Steels for Side 
Frames and Bolsters of Freight- 
Car Trucks’ 


H. W. Srertzpacn.? The author mentions the efforts made 
to meet the present high test requirements with minimum weight 
of side frames and bolsters made in the present carbon or grade- 
B steel. In these efforts the writer believes that the manufac- 
turers who have earnestly devoted their talents and labors toward 
this achievement in grade-B steel have been rewarded by a good 
measure of success, as is evidenced by the fact that the present 
types of side frames of the integral-box type in grade-B steel are 
considerably lighter than the earlier types. For example, the 
frame for the 50-ton car has been reduced from around 650 lb to 
about 590 lb, a weight saving of nearly 10 per cent. While this 
weight saving was in itself worth something to the railroads, the 
more important phase of this progress in improvement of grade- 
B designs is the greater strength developed in the lighter designs— 
a situation which was quite naturally and properly taken advan- 
tage of by the railroads in stepping up the strength requirements 
accordingly. 

The actual improvement in strength, as determined by static 
tests, shows the lighter designs at least 15 to 20 per cent stronger 
than the early designs. 

This was accomplished, of course, by improved foundry and 
metallurgical practices as well as by skill and invention, or if you 
please, engineering, in the economic distribution of metal. Other 
important tools in this work are the empirical methods of stress 
calculation which afford a fair degree of reliability for compara- 
tive purposes and the more laborious but much more accurate 
methods of calculation, of which the celluloid-model method is 
perhaps the most satisfactory. Static and fatigue tests had an 
important part in all of this work, but the final and most impor- 
tant proof has been the performance in service of the modern 
grade-B designs, in defense of which nothing need be said here. 

The writer believes that the reappearance of the truck with 
separate journal boxes is to be expected only in special cases, 
because of the attendant increased first cost and weight. With 
reference to the possibility of spring mounting the side frames 
when separate journal boxes are used, this would demand a change 
in the almost universal practice of supporting the brake parts of 
the freight-car truck on a member not subject to spring travel 
unless some kind of auxiliary support is devised to be supported 
by the journal boxes. 

That part of the paper under discussion which refers to The 
Association of American Railways having adopted tentative 
dynamic-test specifications in the development of lightweight alloy 
side frames should be understood to mean that the dynamic test is 
not to become a part of the specification covering routine accept- 
ance of truck side frames. Such a specification would necessarily 
lead to rather arbitrary interpretations of test results. The in- 
terpretation of the dynamic-test results in the present develop- 
ment of truck side frames of alloy steels is in the hands of an 
A.A.R. committee of engineers who have been selected on the 
basis of their ability to properly weigh the test results with judg- 


1 Published as paper RR-58-3, by Donald S. Barrows, in the 
November, 1936, issue of the A.S.M.E. Transactions. 

2 Chief Mechanical Engineer, The Buckeye Steel Castings Com- 
pany, Columbus, Ohio. Mem. A.S.M.E. 


502 


ment founded on the comparative performance of groups of tests 
rather than that of a single specimen. Furthermore, fatigue 
testing is a long and expensive procedure, several days being re- 
quired for a single test. Due to the time required, such accept- 
ance testing would lead to confusion in scheduling production 
and would naturally result in delays in delivery. Therefore, the 
proper sphere for dynamic testing is laboratory study and devel- 
opment where progress of fatigue is interpreted with judgment 
and with proper regard being given to an established background 
of comprehensive testing, manufacturing, and service experience. 

All of what is said here with reference to the proper sphere of 
fatigue testing is fully recognized by the A.A.R. Car Construction 
Committee as is shown by the following expression in their cir- 
cular DV-836 dated May 26, 1935, and with reference to the 
development of high-tensile freight-car truck side frames. 

“The present A.A.R. side-frame specifications purposely were 
formulated so as to provide for acceptance under static tests only 
when using grade-B steel, but the background for these test re- 
quirements with this material had previously been established 
through a prolonged series of dynamic tests and research. 

“Consistent with present testing procedure for grade-B frames, 
dynamic-test requirements are not to be incorporated in the 
specifications for high-tensile steel frames.” 

The advantage of the use of alloy-steel truck frames and bol- 
sters of course resides in the saving of weight, the economics of 
which is yet to be determined. 

In so far as the saving in weight of a complete truck is concerned, 
the use of lightweight frames and bolsters affects a relatively 
small proportion of the complete weight of the truck for the reason 
that about 70 per cent of the weight of present trucks, with 


TABLE 1 EXTENT OF THE USE OF ALLOY-CAST-STEEL TRUCK 


SIDE ines | AND BOLSTERS AS APPLIED TO FREIGHT CARS 
N THE UNITED STATES THROUGH 1936 
Axle 
Date capacity, 
placed in No. of Type of journal -Alloy-steel— 
service cars car size, in. Name of owner Frames Bolster 
1935 25 Refrig- 5 x 9 Northern Refrig- Yes Yes 
erator erator Co. 
1935 15 Hopper X 10 C. &O.R.R. Yes Yes 
1934 100 Hopper X 10 B. & L. E.R. R. Yes Yes 
1934 5 Hopper 5'/2 X10 P.& L. E.R. R. Yes Yes 
1934 5 Hopper X 10 C.B. R. R. Yes Yes 
1936 1000 Hopper Xi Gh No Yes 
1936 1000 Hopper 6'/: X12 B. & L. E.R. R. No Yes 
1936 Box 5'/2 X 10 Union Pacific No Yes 
1935 1 Hopper 5'/2 X 10 Rustless Iron Yes Yes 
orp. 
1934 1 Hopper 5'/: X 10 Pressed Steel Car Yes Yes 
ompany : 
1935 Box X 10 Yes Yes 
Car Mfg. 
1935 1 Box 51/2 xX Yes Yes 


10 Mt. Vernon Car 
Co. 


grade-B steel castings, is made up of wheels, axles, and brake 
parts. 

Alloy-steel castings such as side frames and bolsters subjected 
to high stresses present the necessity of all the care and control of 
manufacture that even the most experienced foundry can com- 
mand, as will be realized by consideration of the fact that when 
sections are decreased additional adequate safeguards must be 
provided against the possible effects of unavoidable imperfections 
in material and variations in thickness. Special care in heat- 
treatment and the extra capital investment involved in the pro 
duction of alloy castings are also important economic factors. 
Castings in this grade of steel are required to have the letters 
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Fig. 1 


One or THE 50-Ton Capacity Bo.tsters ArreR APPLYING Maximum Loap 


Fig. 2) One or THE 70-Ton Capacity AFTER APPLYING Maximum Loap 


Fic. 3) One or THE 90-Ton Capacity HiGH-TENSILE LIGHTWEIGHT BoLsTeRS AFTER APPLYING Maximum Loap 


H.T. cast on them to serve as a signal to the repair man that 
proper facilities for preheating and heat-treatment should be at 
hand if repairs are to be made. In fact, present A.A.R. instruc- 
tions prohibit all welding on alloy truck frames and bolsters pend- 
ing further developments and experience. 

Obviously the factors directed toward increased costs of light- 
weight designs are numerous, and present costs indicate that the 
additional and necessary expense may or may not be justified. 

Table 1 of this discussion shows the extent of the use of alloy- 
cast-steel side frames and bolsters as applied to freight cars now 
in service in the United States. Briefly, this list shows that 
after the completion of cars now under construction, there will be 
3154 cars in service with lightweight alloy truck bolsters, but 
only 154 of these cars are equipped with lightweight side frames. 
Of the 3154 car sets of lightweight bolsters, three fourths of these 


TABLE 2 RESULTS OF STATIC TESTS OF 50-TON CAPACITY 
ALLOY CAST-STEEL TRUCK BOLSTERS 


Average 
results of A. A. KR. 
two tests requirements 
Transverse test: 
eflection at 82,000 Ib, in....... 0.08600 0.120 max 
_ Set after 154,000 Ib, in.......... 0.00225 0.025 max 
Vertical test at side bearing: 
Deflection at 120,500 Ib, in......... 0.05400 0.080 max 
, det after 192,500 Ib, in................. 0.00200 0.025 max 
Vertical test at’ center plate: 
eflection at 120,500 Ib, in......... 0.09000 0.120 max 
Set after 231,000 Ib, in... 0.00200 0.025 max 


am Have side-bearing pockets cast integral which weigh approximately 
2 lb per bolster. 


were furnished by one manufacturer, namely, The Buckeye 
Steel Castings Company. 

Any or all of the manufacturers who are cooperating with the 
railroads in the development of these lightweight designs are 


TABLE 3 RESULTS OF STATIC TESTS OF 70-TON CAPACITY 
ALLOY CAST-STEEL TRUCK BOLSTERS 


Average 
results of Auch. Ts 
two tests requirements 
Transverse test: 
Deflection at 101,000 lb, in............... 0.0730 0.120 max 
Vertical test at side bearings: 
Deflection at 149,000 Ib, in............... 0.0520 0.080 max 
Set after 240,000 Ib, in.................. 0.0025 0.025 max 
Vertical test at center plate: 
Deflection at 149,000 Ib, in............... 0.0860 0.120 max 
Elastic limit, lb... .. 


TABLE 4 COMPARATIVE RESULTS OF STATIC TESTS OF 90-TON 
CAPACITY TRUCK BOLSTERS OF ALLOY AND GRADE B STEEL 


Alloy -—-Grade-B steel-— 


Average A. Average A.A.R. 
results of require- resultsof require- 
two tests ments two tests ments 
Transverse test: 
Deflection at 120,000 lb, in. 0.0810 0.120 max 0.0460 0.075 max 
Set after 230,000 lb, in..... 0.0035 0.025 max 0.0060 0.025 max 
Vertical test at side bearing: 
Deflection at 177,500 lb, in. 0.0580 0.080 max 0.0405 0.055 max 
Set after 287,000 lb, in..... 0.0040 0.025 max 0.0080 0.025 max 
Vertical test at center plate: 
Deflection at 177,500 lb, in. 0.0920 0.120 max 0.0660 0.075 max 
Set after 345,000 lb, in..... 0.0035 0.025 max 0.0080 0.025 max 


Elastic limit, lb........... 
Ultimate load, Ib............ 


395,000 
689,825 632,500 min 


— fest 2831 
"st 2487 
paTT wO 8 
4 
LUCK 
CARS 
m | 
Yes 
Yes 
Yes an 
Yes 
Yes 
Yes : 
Yes 
Yes ; 
Yes 
Yes 4 ‘i 
brake 
= 
675,375 632,500 min 
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ready to put more of these castings in service, and with the pres- 
ent predominance of lightweight bolsters, it would appear very 
desirable to equip perhaps a limited number of cars with more 
of the lightweight side frames. 

This development of lightweight steel castings for freight cars 
is not confined to side frames and bolsters. It may be of interest 
to add here that quite a number of cars are also equipped with 
lightweight couplers, draft yokes, striking castings, and body- 
bolster center braces. 

Tables 2, 3, and 4 of this discussion giving results of tests 
of 50-ton, 70-ton, and 90-ton alloy-cast-steel truck bolsters are 
presented to supplement the results tabulated by the author. 
Figs. 1, 2, and 3 of this discussion show a 50-ton, 70-ton, and 90- 
ton alloy-cast-steel bolster, respectively, after testing. 


F. G. Lisrer.* The interesting and timely data furnished in 
this paper is worthy of careful consideration. The freight-car 
truck has been the subject of a great deal of thought for a good 
many years, and more so in the last few years since the railroads 
have speeded up their trains, requiring more attention to the 
bolsters, truck frames, and brake rigging than ever before. The 
service is more severe. Heavier and more frequent braking has 
thrown more strain on the bolsters and side frames. 

The truck frame, in its evolution from the old arch bar to the 
present U-section cast-steel frame, has undergone many changes, 
and not until the dynamic-testing machines were developed by 
the manufacturers of steel frames and research work commenced 
in connection with the design of the frames was it possible to dis- 
tribute the metal through the structure to uniformly control the 
stresses encountered in actual road service. However, this 
meant a cast-steel side frame of heavy sections, making the extra 
weight undesirable. Because of this fact consideration has been 
given to the use of alloy steels. 

It is admitted that a worth-while saving in weight at no sacrifice 
of strength can be made by use of alloy steels in both truck side 
frames and bolsters. Alloy steels of high strength and dependa- 
bility have been available for many years, but these have been 
too expensive to justify their use in freight-car construction. The 
problem resolves itself into the selection of an alloy steel which 
has high strength, ductility, and good casting properties and 
which at the same time is reasonable in cost. Fortunately, the 
last two years have seen the development of a number of new 
alloy steels which meet these requirements with a considerable 
degree of success. In these steels, high physical properties are 
obtained through use of the cheaper alloying elements such as 
silicon, copper, and manganese, with or without the addition of 
small amounts of chromium or nickel. When the experimental 
work now under way has been completed, several of these now 
low-priced alloy steels should find a useful place in car castings 
for the reduction of dead weight, and this should be especially 
true for truck bolsters and truck side frames. 


AUTHOR’s CLOSURE 


Mr. Stertzbach may be correct in believing that the reap- 
pearance of the separate journal box is to be expected only in 
special cases, but the steady increase in operating speeds of 
freight equipment has forced more careful consideration of the 
efficiency of journal-box lids and dust guards. The day has 
passed when it can be reasonably held that a dustproof lid joint 
may be made between a pressed-steel lid and a rough cast box 
face or that oil can be retained and water kept out by means 
of a simple basswood dust guard floating in a cored dust well. 
It avails little if an improved dust guard makes a water- and oil- 
tight seal around the axle, if there is no equally tight seal be- 


3’ Superintendent of motive power, St. Louis-San Francisco Rail- 
way, Springfield, Mo. Mem. A.S.M.E. 
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tween the guard itself and a machined surface at the rear end 
of the box. The machining of the front and back ends of a 
separate journal box should be less expensive than the corre- 
sponding machining of boxes cast integral with a side frame, 
and this is the basis for the author’s original statement. With 
separate boxes there would be the further advantage of angular 
flexibility in a horizontal plane between journal box and frame, 
thereby avoiding damaging contacts between journal bearings 
and the inside of the box. 

As to the spring mounting of side frames, Mr. Stertzbach 
evidently had in mind provision for full spring travel over the 
boxes, and the elimination of the spring-mounted bolster as was 
done in the “Verona” truck. The author was not considering the 
elimination of the bolster springs, but their retention of present 
travel with the addition of short-travel springs over the boxes 
in order that the frames themselves would be protected against 
fatigue and the individual wheels made more responsive to track 
irregularities as a very definite protection against derailments 
in high-speed service. 

The author is in agreement with Mr. Stertzbach that the re- 
quirement of a fatigue test for each order of side frames would 
be unworkable, but the present tentative requirements of the 
A.A.R. for nonstandard lightweight frémes provide for a fa- 
tigue or dynamic initial test on four frames and a similar test 
after the production of the first one thousand frames. The 
specification later states: “As soon as a sufficient background of 
dynamic- and static-test experience has been gained with light- 
weight side frames of various designs and materials to warrant 
future acceptance on the basis of static tests only, ...... no 
further dynamic tests will be required, except in the case of frames 
of substantially different design or material which have not pre- 
viously passed a dynamic test.” 

Table 1 of Mr. Stertzbach’s discussion specifically refers to 
alloy frames and bolsters applied to domestic service in 1936 
In addition, the Gould Coupler Corporation furnished light- 
weight alloy frames and bolsters for four hundred Brazilian cars 


Square-Edged Inlet and Discharge 
Orifices for Measuring Air Volumes 
in the Testing of Fans and Blowers’ 


R. E. SpreNKLE.? In his recommendations to the Power Test 
Committee No. 10 on Centrifugal and Turbo-Compressors and 
Blowers of the A.S.M.E. of the use of thin-plate orifices for 
testing fans and blowers in place of the more expensive flow 
nozzle or the more elaborate procedure of making pitot-tule 
traverses, as was originally intended, the author has performed 
a valuable service to industry. Not only has he verified the 
splendid work initiated by Ebaugh and Whitfield,* but he has 
extended this work to cover the discharge orifice as well. As 
result of this work,! the author has found the orifice to be jus 
as accurate as the flow nozzle, and that a test can be made much 
faster than when using a pitot tube. Therefore, there is no justi 
fication for the use of any other device than the orifice, especially 
when it is apparent that the cost of a thin-plate orifice for ducts 
as large as are required for fan testing is but a fraction of that 
for the same size nozzle. 

It is perhaps unfortunate that the physical aspects of the 


1 Published as paper AER-58-7, by Lionel S. Marks, in the 
November, 1936, issue of the A.S.M.E. Transactions. ’ 

? Mechanical Engineer, Bailey Meter Company, Cleveland, Obie. 
Mem. A.S.M.E. 

3 Intake Orifice and a Proposed Method of Testing Exhaut 
Fans,” by N. C. Ebaugh and R. Whitfield, Trans. A.S.M.E.. vol 
56, December. 1934, paper PTC-56-3, pp. 903-912. 
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orifice as well as the data obtained should have been compared 
only with the V.D.I. orifice and its coefficients in this paper, 
when there exist today unexcelled data on the American orifice. 
The writer refers not only to the many excellent papers pre- 
viously given before this Society on characteristics of the 
American types of orifices, but also to the A.G.A.—A.S.M.E. 
Orifice Committee report.‘ In this report are data which are 
even more complete than the V.D.I. data in so far as prac- 
tical application is concerned. It is true these data do not 
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cover the discharge or the inlet orifice, but on the other hand, 
neither do the V.D.I. data. As the author has stated, the 
V.D.I. specifications for discharge orifices are exactly the same 
as for duct orifices. Therefore, the writer believes that a com- 
parison of the author’s studies with the latest A.G.A.—A.S.M.E. 
data‘ will be of considerable value in ascertaining if orifices as 
prescribed by the joint A.G.A.-A.S.M.E. Committee can be 
used successfully as discharge orifices. 

First of all in considering this comparison it should be under- 
stood that while the author states that his orifices are of a modified 
V.D.I. type, they are in reality the same as our American orifices 
using flange connections as recommended by the American Gas 
Association, and which are included in the report.‘ In fact, the 
author’s orifices conform as closely to the American as to the 
V.D.I. pattern which incidentally the writer believes is a for- 
tuitous circumstance. 

It is important to state at this time that the best way of 
Plotting orifice coefficients is to show the discharge coefficients 
alone without including the velocity of approach, also to use 
diameter ratio instead of area ratio. By so doing the real charac- 
teristic of the device is shown, that is, it reveals whether the 
actual discharge coefficient is stable with increasing or decreasing 
diameters ratios, or whether it changes rapidly and thus becomes 
unstable. On the other hand, the inclusion of the approach- 
Velocity factor with the discharge coefficient covers up such 
trends in such a way that they are not readily discernible. It is 
important to know the magnitude of such changes in coefficient 
Value as it is inadvisable to use an orifice having an unstable co- 


‘ Report of the American Gas Association and A.S.M.E, Joint 
‘ ce Coefficient Committee, THE AMERICAN Society or MECHANI- 
AL ENGineers, 29 West 39th Street, New York. N. Y., 1935. 
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efficient if perfect dependence is to be placed upon its results. 

Curves showing coefficients of discharge for A.S.M.E. orifices 
using vena-contracta pressure connections, for A.G.A. orifices 
using flange connections, and for the V.D.I. _rifices using corner 
connections, all without the approach-velocit factors, are shown 
in Fig. 1 of this discussion. As is well-known, vena-contracta 
connections are placed one diameter preceding and in the plane 
of the smallest jet area following the orifice, whereas the flange 
connections are placed 1 in. preceding and following the orifice. 
The location of the V.D.I. corner connections is very clearly 
illustrated in Figs. 2 and 3 of the paper. The curves in Fig. 1 
of this discussion show that the characteristics of the three types 
of orifices are practically the same up to a diameter ratio of 60 
per cent, and that there is little to choose from in favor of either 
type up to that point. However, the curves begin to separate 
quite widely beyond the 60 per cent diameter-ratio point, and it 
will be noted that the coefficients of both the A.G.A.orifice with 
flange connections and of the V.D.I. orifice with corner connec- 
tions begin to drop quite rapidly. This is one reason why the 
A.G.A.-A.S.M.E. report‘ has not recommended the use of flange 
connections for orifices of about 75 per cent diameter ratio. 

In contrast to the sharp drop of the coefficient curves for 
both the V.D.I. and the flange-connection types, the curve for 
the vena-contracta orifice is comparatively flat, with about the 
same slope for diameter-ratios above and below 70 per cent. 
There is no reason, therefore, why orifices using vena-contracta 
connections cannot be used with certainty up to diameter ratios 
of 0.825. In fact, vena-contracta orifices of such maximum 
sizes are used extensively in commercial practice, and with very 
satisfactory results. 

The author’s data, taken from Fig. 4 of the paper and cor- 
rected to the basis of discharge coefficients alone, are plotted 
in Fig. 1 of this discussion. The magnitude of the spread be- 
tween individual points may suggest the scale used in this plot- 
ting is too large. However, this is the same scale used in making 
the preliminary analysis of the A.G.A—A.S.M.E. vena-contracta 
data referred to previously (the final scale used in presenting 
these data was 2'/, times larger than this). 

If each one of the author’s points could be given equal weight, 
it would appear that the discharge-coefficient curve for discharge 
orifices could be about 0.3 per cent above the V.D.I. curve between 
the diameter ratio of 45 to 70 per cent. This would still come 
within a +1.5 per cent tolerance. In fact, the use of either 
kind of pressure connection, namely, corner (V.D.I.), flange 
(A.G.A.) or vena-contracta (A.S.M.E.), would still place all of 
the author’s data within this tolerance. The writer is firmly 
of the opinion, however, that the use of the vena-contracta 
connections would enable this tolerance to be reduced to at least 
+1 per cent, and would allow the use of a Jarger range of diameter- 
ratio orifices with a smaller chance of involving an unknown error 
due to the rapid change in the characteristic value. 


Ronawp B. Smita. The author has concerned himself with a 
potentially important problem in the field of low-pressure flow. 
In both this country and in Europe there have been demands, 
within the last three years, for test-code recommendations on 
thin-plate inlet and exit orifice installations. In the United 
States the response bas been deferred; in Europe the problem 
has been met by increasing the tolerance on the available tests. 
Whatever the method of attack an atonement for ignorance 
appears to be important in the beginning. A tolerance increasing 
with the area ratio at least for discharge orifices seems rational, 
for if the scattering of tests at the low ratios as indicated in Fig. 4 
of the paper is the result, as the author suggests, of distorted 


’ Turbine Engineering Department, Westinghouse Electric & 
Manufacturing Company, South Philadelphia, Pa. Jun. A.S.M.E. 
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inlet-velocity profile, the effects will be more serious as large 
area ratios are used. The pressure differentials are more fre- 
quently smaller with high area ratios, which also enhances the 
possible error. At present it seems probable that an orifice in a 
pipe or at the end of a pipe can never be used with as low a 
tolerance for fan or reciprocating-blower tests as it may for water 
or steam measurements unless effective damping can be secured. 

‘The problem of orifice-plate thickness is a question of im- 
portance. It should not vibrate, and it should be sufficiently stiff 
so that it does not deflect. Even with small pressure difference 
when plates are 60 in. in diameter and only !/i. in. thick, the de- 
flection may not be insignificant. In Europe this question has 
been viewed more seriously than here.*? Yould it not be better 
to specify a minimum plate thickness and cylindrical-orifice length 
as a function of the pipe diameter rather than to suggest the 
use of 1/i¢- or */3:-in. plates without an upper limit on duct size? 

In this connection the European experiments® indicate that 
the length of the cylindrical edge and the plate thickness affect 
the discharge coefficient oppositely. The data apply to corner 
taps which are essentially those employed by the author. It 
has been found that if the cylindrical length were about one 
third of the plate thickness, the effects are compensating for area 
ratios as high as 0.7. When the plate is less than 0.04D, where 
D is the pipe diameter, the orifice Jength and the plate thickness 
may be identical without noticeable effect on the coefficient. 
The author’s experiments seem to fall within this range, but with 
smaller ducts, unless a geometric ratio is chosen, they may be 
subject to error. 

The decision to measure the differential pressures with pipe 
taps located 1 in. upstream and downstream from the orifice 
plate is a notewcrthy break from European convention. The use 
of pressure chambers in large pipes is not only costly but un- 
wieldy. If taps are located symmetrically around the periphery 
of the pipe and the pressure readings compared, it has frequently 
been possible to determine irregularities in the approaching 
stream and to correct them before testing. This is a distinct 
advantage for fan-test work. Rather than an arbitrary location 
of the taps at 1 in. upstream and downstream, the writer favors 
geometrically similar installation requirements with the di- 
mensions as functions of a linear variable, say the pipe diameter. 
For the size tested by the author it is apparent that the choice 
of 1 in. lies within 0.01D and 0.03D from the pressure plate. 
Since this is essentially the tolerance allowed by the V.D.I., 
the author’s comparison with the European standards should 
agree. Had the 1 in. dimensions been employed for ducts of 16 in. 
diameter, and for large area ratios, the impact pressure rise that 
occurs near the corner® would hardly have begun and differences 
in the coefficient of as great as 2 per cent may actually be found 
if this 1-in. location be adhered to. The upstream location at 1 
in. is satisfactory for ducts larger than 30 in. diameter, but in 
smaller sizes it is sufficiently far away from the orifice so that the 
pressure reading will be affected by the impact built up in a 
variable manner depending on the area ratio. Would it not be 
better to accept either the corner tap or the location 1D upstream, 
and thus be rid of the difficulties? 

After a study of the pressure distribution downstream of the 


6 “Calibration of an Orifice,’’ by H. W. Swift, Philosophical Maga- 
zine, series 7, vol. 8, no. 51, October, 1929, pp. 409-435. 

7 “Orifice Discharge Coefficients for Viscous Liquids,”’ by G. L. 
Tuve and R. E. Sprenkle, Instruments, vol. 6, November, 1933, 
p. 201. 

8 ‘Neuere Mengenstrommessungen zur Normung von Diisen und 
Blenden,”’ by R. Witte, Forschung auf dem Gebiete des Ingeniea r e, 
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orifice,* it would seem that the agreement between the author's 
studies and Stach’s'® on inlet orifices is more fortuitous than ra- 
tional. Between a corner tap and a 0.4D downstream tap there 
may be as much as 3 per cent difference in the pressure, or pos- 
sibly 1.5 per cent in the discharge coefficient. In mentioning 
Stach’s tests it may be wel] to point out several possible errors, 
Stach’s measurements are relative, inasmuch as they were 
made by calibrating the flow through the inlet and exit orifices 
with other nozzles installed in a standard manner in the 
line. However, the distance between the in-line meters was 18 
pipe diameters which is not sufficient to be certain of damping 
the discharge eddies and thus preventing the discharge of one 
meter affecting the entrance to another. In addition the nozzles, 
some as small as 4 in., were made from sand castings with an 
uncertain amount of machining, and finally the area ratios 
for some nozzles were larger than 0.45 which is a region that has 
since been found in error? by as much as 0.5 per cent. 

Although the author makes no mention of the use of the dis- 
charge nozzle, it may be well to point out a difficulty apart from 
the cost that makes the orifice more suitable. At the end of a 
line, most frequently when discharging a fluid or gas into one of 
different viscosity there is, particularly for low-pressure flows, a 
tendency for the flow to leave the throat of the nozzle and to form 
an appreciable contraction. This appears to be the result of a 
pressure which may be slightly less than atmospheric at the 
point where the nozzle profile changes from a curve to a straight 
throat, and where the flow temporarily leaves the wall. If 
noticed, this transient difficulty may be overcome by temporarily 
disturbing the outlet flow with a plate or by working a wire 
around the nozzle throat, but the uncertainty of its presence is a 
distinct disadvantage to the use of a discharge nozzle. A some- 
what similar difficulty has been found by the writer, even when 
the nozzle is discharging fluids of the same viscosity (air into 
air) if the exit pipe is only 4 or 5 diameters long. Since the pres- 
sure within the pipe may be less than atmospheric, on account of 
the downstream build-up, outside air may break in and thus dis- 
turb the downstream pressure reading. The difficulty may be 
overcome when discharging to air by using a long exit pipe or 
by installing a downstream valve. 


G. L. Tuve."'| The recognition of square-edged orifices as 
one of the code methods for use in fan testing would indeed bea 
welcome simplification, and the author has done a real service 
in obtaining data to support his statement that “the square- 
edged orifice is a very reliable device for measuring air.” 

After using thin-plate orifices in several] hundred fan tests 
over a period of 15 years, the writer is thoroughly convinced 
of their practical value. For low duct velocities the pitot tube 
is often of little use, and the orifice is a welcome alternative; 
in any test work it is certainly desirable to have two methods 
of measurement available for occasional checking. Much test 
work is done with a false sense of security regarding the accuracy 
of results, and it is interesting to note that in order to come 
within a tolerance of 1.5 per cent on pitot-tube measurements, the 
author states that the micromanometer was necessary. 

The author departs somewhat from American practice it 
plotting the orifice discharge coefficients with approach factor in- 
cluded and by plotting against orifice area ratios instead of agains’ 
orifice diameter ratios. American engineers also prefer to ue 
a more limited range of orifice sizes because of certain 
disadvantages of the very large or very small ratio sizes. Agal?, 
the pressure connections used in this country are not usually those 


vol. 5A, 1934, p. 205. 

§“Die Strémung durch Diisen und Blenden,” by R. Witte, 
Forschung auf dem Gebiete des Ingenieurwesens, vol. 2A, 1931, pp. 
245-291. 


10 “Die Beiwerte von Normdiisen und Normblenden im Einlauf und 
Auslauf,” by E. Stach, Zeit. V.D.I., vol. 78, 1934, pp. 187-189. _ 

11 Professor of Heat-Power Engineering, Case School of Applied 
Science, Cleveland, Ohio. Mem. A.S.M.E. 
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DISCUSSION 


specified by the German standards. A wealth of data on coef- 
ficients published by or with the cooperation of the A.S.M.E. 
Fluid Meters Committee, has been apparently overlooked by 
the author. While these data refer largely to pipe orifices, the 
\.D.I. coefficients were also obtained on pipe or duct orifices. 

Fortunately, in the diameter-ratio range of 0.3 to 0.75 (0.09 to 
0.56 area-ratio range), the coefficients from the Orifice Committee 
report,‘ from the V.D.1., or from the A.G.A.-A.S.M.E. coopera- 
tive project at Ohio State University, all agree within less than 1 
per cent. Hence, it makes little difference which is used. More- 
over, the data from these sources indicate that either vena 
contracta, flange, or corner taps may be used without exceeding 
the tolerance of 1.5 per cent. 

Tests have been made in the laboratories of the Case School 
of Applied Science, Cleveland, Ohio, in which both pipe and 
discharge orifices have been compared against the pitot tube, 
venturi meter, and heat balance (heating coil in the air stream). 
In addition to confirming the findings of the author, one additional 
conclusion is worth mentioning, that is, when an orifice coefficient 
deviates for some reason from standard, it is almost always high 
rather than low, as evidenced also by the 18 points above, and 
only eight points below, the curve in Fig. 4 of the paper. From 
this standpoint, it would seem more logical to set the tolerance 
limits as + 2.5 per cent and —0.5 per cent, rather than + 1.5 per 
cent. 


AvuTHoR’s CLOSURE 


Two of the discussers of this paper express some surprise that 
the author has not compared his results with those reported by 
the A.G.A.-A.S.M.E. Orifice Coefficient Committee* but has 
chosen instead to compare with the coefficients contained in the 
\.D.I. rules. No other procedure was actually practicable, 
since the American coefficients apply only to pipe or duct orifices. 
It is true that the V.D.I. rules give identical coefficients for dis- 
charge orifices and duct orifices and that no experimental justifi- 
cation for this identity is offered. The experimental work on 
discharge orifices used by the Germans appears to have been that 
of Stach'® which gave discharge coefficients for a discharge orifice 
differing from the V.D.I. coefficients for duct orifices. In the 
V.D.I. rules, discharge orifices are given a tolerance larger than 
the tolerance proposed for duct orifices; this procedure may be a 
confession of uncertainty as to the true values of the discharge- 
orifice coefficients or may be an attempt to include the Stach 
coefficients up to an orifice area ratio of about 0.6. The fact that 
the V.D.I. rules give identical coefficients for the discharge orifice 
and the duct orifice does not appear to the author to justify the 
assumption that these two coefficients are in fact identical and 
consequently does not appear to him to justify an assumption 
that the values of the American coefficients for duct orifices can 
be considered to apply to discharge orifices. 

Another point on which two of the discussers agree is in ex- 
pressing a preference for the use of pressure measurements taken 
at the vena contracta. The author fails to perceive any applica- 
tion of this to the case of a discharge orifice and thinks that the 
discussers must have had in mind duct orifices or possibly inlet 
orifices. The solid-line curve of Fig. 1 of this discussion has no 
applicability to the author’s tests. 

There is also criticism of the use by the author of orifice area 
ratio (as used also by the Germans) rather than the orifice 
diameter ratio. The use of orifice area ratio appears to be pref- 
erable since it spreads out the curve in the region of higher values 
of the ratio which is also the region of most rapid variation of the 
discharge coefficient. 

Mr. Sprenkle suggests that the best way to plot orifice 
Coefficients is to show the discharge coefficients alone without 
including the velocity of approach. The author is entirely in 
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agreement with him on this point and has incorporated values 
of the coefficient, so defined, in Table 1 of the paper. The 
plottings, it is true, are on the basis of the coefficient which in- 
cludes the velocity of approach and this was done in order to make 
a direct comparison with the German coefficients. These coeffi- 
cients have been adopted by the International Standards Asso- 
ciation and it seems to the author desirable to conform as far 
as possible in the method of presentation of results. It has, 
moreover, the minor advantage of simplifying calculations for 
discharge. 

Mr. Smith comments on the lack of definiteness in the recom- 
mendations contained in the paper for orifice plate thickness. 
What he has to say about the influence of the length of the cylin- 
der edge and of the plate thickness is correct and is taken care of 
in the V.D.I. rules. For the range of duct diameters which the 
author had in mind, on which he had carried out investigations, 
and which are of interest in fan and blower tests, the two elements 
to which he calls attention become unimportant. Any moderate 
variation from the dimensions suggested by the author would 
have an entirely negligible influence on the discharge coefficient. 

The status of inlet orifice coefficients is rather curious. The 
results obtained by Stach, by Ebaugh and Whitfield, and by 
the author all agree in giving an identical discharge coefficient. 
This consistency is puzzling because the pressure differentials on 
which they are based are different, Stach having used a corner 
tap while the other two investigations used pressure taps at a 
distance of 0.4 times the duct diameter downstream from the 
orifice. A difference in the pressure differentials measured at 
these two places is certain; its value is indicated in the paper of 
Ebaugh and Whitfield, and is stated by Mr. Smith. That the 
author’s results agree with those of Ebaugh and Whitfield is not 
an inconsistency, since the same location of the pressure tap was 
used in both cases. The reasons for the agreement with Stach 
may possibly be those suggested by Mr. Smith. 

Professor Tuve calls attention to the scattering of values of the 
discharge coefficients and to the fact that the coefficients are gener- 
ally high as compared with the V.D.I. values. The discharge 
coefficients were obtained by comparison with volumes deter- 
mined from pitot-tube traverses, the latter having previously 
been compared with calibrated-nozzle discharge measurements. 
It is the author’s experience that pitot-tube traverses in fan ducts 
have a marked tendency to give values which are too high. This 
may result from swirling motion of the air, from pulsations, and 
from the pattern of the velocity distribution. As the calculated 
values of the orifice discharge coefficients reflect directly any 
errors in the pitot-traverse measurements, the author is inclined 
to regard the scattering of points shown in Fig. 1 of this dis- 
cussion as being due primarily to errors in the pitot-traverse 
readings and not to variations in the orifice discharge coefficients. 
Unfortunately this belief is not susceptible of proof. 


Undercooling in Steam Nozzles’ 


Cuar.es H. Cooaan, Under a grant from the faculty 
research committee of the University of Pennsylvania, the 
writer is studying the phenomena which occur in the steam-jet 
air pump. The apparatus used by the writer consists mainly 
of a framework in which nozzle and sliding diffuser plates of 
various shapes may be placed. These various metal plates are 
placed between two pieces of 10 X 29'/:-in. glass which are 
parallel and 1%/,, in. apart. The customary search tube is so 


1 Published as paper FSP-58-6, by J. T. Rettaliata, in the No- 
vember, 1936, issue of the A.S.M.E. Transactions. 

2 Instructor in Mechanical Engineering, University of Pennsylvania, 
Philadelphia, Pa. Jun. A.S.M.E. 
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arranged that the pressure may be recorded at any point in the 3200 160 
central plane of the two-dimensional flow. of A 
In studying the flow of steam in the nozzles used by the writer 2800 140 es 
the point of condensation in the flow of superheated steam was ae ee Oe 
observed by carefully determined pressure measurements. This 
point of condensation was determined by the method suggested om i 7 
by Professor Keenan in his discussion of Professor Yellott’s 5 “i 
paper,’ i.e., observing the point at which the pressure drop be- 92000 $100 r 10x10" 
comes zero momentarily or rises slightly. Professor Keenan ~ S | f 
plotted a curve of initial pressure against indicated pressure rise = 1600 a 80 8 
at the point of condensation. His curve indicates that the pres- 6 & / v4 
sure rise varies directly with the initial pressure. The writer | 
has found that for the low initial pressure of 12.5 lb per sq 3 | a 2 
in. abs the pressure rise indicated was approximately 0.4 lb per + | ” E 
sq in. 800 “ 40 “+ 
Fig. 1 of this discussion shows the pressure-drop curve for one } | Pdi 
nozzle used by the writer. It is quite obvious where the point 49 20 vA 2 
of condensation occurs from the discontinuity in the pressure Ui 
drop. 0 0 0 
The writer has found that for the smooth nozzle, condensation 2.0 2.5 3.0 3.5 4.0 45 5.0 
Search Tube Distance, In. 
Fic. 2. Drop, at Various Points, AND TIME 
\ FOR STEAM TO REACH THESE PorntTs IN A SHORT NOZZLE AS OBTAINED 
0.0225"¢ a BY GRAPHICAL INTEGRATION 
: oa “0.22 ¥ H : (Curve A shows enthalpy drop assuming a noazle efficiency of 100 per cent 
< as determined from the Mollier diagram from measured search-tube pres- 
0.083 0.0" ‘9 sures. Curve B shows the velocity at various points with an assumed nozzle 
0.94" efficiency of 96 per cent constant throughout the nozzle and with supersatu- 
a ration loss neglected. Curve C shows the total time required from 2.3 in. to 
‘ 8=8 
4 each point as determined from t = = 23 ds/V.) 


pressure drop, but the distance in which this drop occurs varies 
, with different length nozzles. The shorter the nozzle for the > 
12 same drop, the shorter the time in which condensation occurs. —- 
Condensation time for the small nozzle shown in Fig. 1 of this 
discussion required from 1.2 X 1075 to 1.5 X 1075 sec as deter- 


0 INITIAL. CONDITION mined by graphical integration. Condensation time, therefore, 
OF STEAM is not dependent on roughness alone. i 
: 12.5 Lb per Sq In, 232F In Equation [1] of the paper, which the author later averagesto — : 
find the average velocity between the saturation line and the fF 
condensation point, the following should be noted: First, the [ 

6 nozzle efficiency has been assumed constant which, although 


not exactly so, will nevertheless give a very close approxima- 
tion since the difference between the square roots of the effi- 
4 ciencies is smaller than the difference of the efficiencies. Second, 
the average velocity which the author has found is the average 
of velocity in the equation v = f(H) where v = velocity and 


Absolute Pressure, Lb per SqIn. 


2 SS. H = enthalpy drop. The enthalpy drop is dependent on the 
i ee itch pressure drop in any nozzle and therefore this method of averag- 
ing involves an assumption which may not be true. The aver- ; 
= 25 3.0 35 40 45 Se of velocity should be found with respect to time. While F_ 
Search Tube Distance. In. the method of determining this time interval may give approxi- i 
~——eeee ee mate results over a small enthalpy drop it nevertheless would ‘ 
give considerable discrepancies over larger enthalpy drops. . 


In Fig. 2 of this discussion the writer has plotted the total 
time required for a particle of steam to pass from 2.3 in. to any 
point up to 4.6 in. From this curve it is noted that the total F- 
time as determined by graphical integration is 8.5 sec, 
whereas when calculated by the method used by the author the F 
time should have been 10.8 X 10-5 sec (neglecting supersatura- 
tion loss). The method of graphical integration to find the 
space-time diagram can be easily applied to cases with an a 
sumed varying nozzle efficiency and to those in which the 
supersaturation loss is also considered. 

There is a minimum time in which condensation will occur 
after passing the saturation line. The writer wonders whether 

2 Discussion by J. H. Keenan on “‘Supersaturated Steam,” by J.I. the author has tested any smaller nozzles to determine the lowe! 
Yellott, Trans. A.S.M.E., vol. 56, 1934, paper FSP-56-7, p. 427. limit of time required. 


as determined by the previously mentioned method occurred at 
the moisture line of 4.3 per cent on the Mollier diagram. One 
should not forget, however, that this is based on an assumed 
constant nozzle efficiency of 96 per cent up to the point of con- 
densation. Should this assumption be incorrect the location of 
the point would be altered. 

In regard to the time required for condensation to start after 
the pressure has fallen below the saturation pressure, it should be 
pointed out that not only does the roughness of the nozzle have an 
appreciable effect on this time, but the length and contour havea 
considerably greater effect. The velocity is dependent on the 
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DISCUSSION 


In so far as determining the actual phenomena occurring 
during condensation, the writer is of the opinion that a study of 
the molecular structure of a gas, vapor, and liquid might be 
extremely helpful. 


Howarp Emmons.‘ The writer wishes to make a few remarks 
concerning the size of the droplets that exist at the point of initial 
condensation. The drop radii were computed by the author 
from the von Helmholtz equation for the variation of the vapor 
pressure of a liquid with the variation in the radius of curvature 
of the liquid surface with which the vapor is in equilibrium. 
The use of this equation introduces two assumptions: (1) The 
drops are in equilibrium with the vapor surrounding them; and 
(2) the drops are large compared to molecular dimensions. 
This latter assumption enters because of the thermodynamic 
character of the equation, and will be appreciated if one tries to 
define “surface tension” for a drop consisting of only a few mole- 
cules. 

Let us consider these two assumptions. The equilibrium state 
to which the von Helmholtz equation applies is one of unstable 
equilibrium since smaller drops decrease in size while larger 
drops grow. As pointed out by Professor Keenan in his dis- 
cussion’ of Yellott’s paper, supersaturated steam without droplets 
is in a state of metastable equilibrium. As soon as drops appear 
which are larger than the equilibrium radius they will grow to 
visible (i.e., light-scattering) size. Therefore, the first assumption 
seems reasonable for the drops upon which condensation first 
starts. The visibie droplets may be considerably larger than 
those computed by the von Helmholtz equation. 

Now let us turn ‘to the second assumption, calling to mind 
some facts from the kinetic theory of gases. The approximate 
diameter of a water molecule is 4 X 10-8 cm ora radius of 2 X 
10-§ cm. This is seen to be approximately one third of the size 
of the drops computed from the experimental supersaturation 
ratio. This brings us immediately to the question: How many 
molecules must be considered for the probability results given 
by a thermodynamic formula to be correct to a given accuracy? 
As far as the writer knows, this question has not been answered 
and so long as it is not answered we will have to be careful 
when using thermodynamic equations on the droplets of small 
size. 

In the remainder of this discussion, assumptions (1) and (2) 
previously mentioned by the writer will be taken as true. Since 
the computed droplets contain approximately 3* or 27 molecules, 
the kinetic theory of gases provides a possible mechanism for 
the occurrence of these condensation nuclei. On the average 
each water molecule makes approximately 10" collisions per 
second. The author has computed that the time required for 
the steam to pass from the saturation line to the Wilson line 
is approximately 5 xX 1075 sec. Each water molecule will 
therefore have made 5 X 105 collisions. In many of these col- 
lisions more than two molecules will be involved. In some cases 
the 27 or more molecules necessary to form a nucleus would 
collide and never again be able to break up, but instead would 
grow by absorbing other molecules. 

It is interesting also to push assumptions (1) and (2) to the 
limit and note that the minimum possible drop size is equal to 
the radius of a molecule or 2 X 10-? em. Now by means of the 
von Helmholtz equation (Equation [13] of Yellott’s paper)® we 
can compute the supersaturation ratio. By extrapolating the 
superheat data into the wet region, this ratio will locate a limiting 
Position of the Wilson line. As this extrapolation must be made 
for a considerable distance the result is inaccurate but approxi- 

‘ Cambridge, Mass. 

*“Supersaturated Steam,” by J. I. Yellott, Jr., Trans. A.S.M.E., 
Vol. 56, 1934, paper FSP-56-7, p. 411. 
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mately the Wilson line for steam, as limited by the size of the 
molecules, lies near the 11 per cent moisture line. 

A. Eau. The writer would like to know why the author chose 
the particular steam conditions for the tests with nozzle A, 
represented by Figs. 2, 3, 4, and 5 of the paper. Why did he 
hold his back pressure so high, a condition which is not of great 
importance in steam turbines working with nozzles of the Laval 
type? 

In what respect are the two following sets of steam conditions 
for the tests of nozzle B supposed to be “entirely different?” 
Condition No. 1 was an inlet pressure of 55 lb per sq in., a steam 
temperature of 305 F, and a back pressure of 10 Ib per sq in. 
Condition No. 2 was an inlet pressure of 44.7 lb per sq in., a steam 
temperature of 280 F, and a back pressure of 8.3 lb per sq in. 
The ratios of back pressure to inlet pressure of the two cases are 
0.182 and 0.186, respectively, that is, practically identical. 
Also the nozzle operation (for instance, the pressure distribution 
of the efficiency) would be expected to be practically the same 
for the two cases. . 

The most valuable part of the paper undoubtedly is the ob- 
servations on the drop size. The writer would appreciate seeing 
a curve showing how the size of the droplets varied along the 
nozzle, as well as a mathematical or, if not otherwise possible, an 
empirical relation between the important variables for calcula- 
tion of the size of the droplets. 

The discovery that there is a Wilson zone rather than a Wilson 
line should lead to a further analysis of the factors determining 
the initial point of condensation. There is need of a mathe- 
matical or graphical relationship which will enable us to cal- 
culate the point of condensation for any nozzle or blade. An 
important variable in this relationship apparently is the rate 
of expansion, or more clearly, the rate of change of velocity 
dV /dt, where V = steam velocity, and ¢ = time. 


J. I. Yevuorr.? The author in this interesting paper has con- 
tributed several valuable points to our knowledge of the manner 
in which flowing steam condenses. The difference in the location 
of the Wilson line for the rough and the smooth nozzle indicates 
that our conception of one line as a supersaturation limit must 
be altered. A Wilson region must be substituted, even at the 
expense of further complicating an already difficult problem. 
The writer is at present working on this phase of the subject, using 
a convergent-divergent nozzle in which the angle of divergence 
can be varied while the flow is being observed. The results of 
this work will be published in the near future. 

It is believed by the writer that the author’s location of the 
Wilson line for the smooth nozzle is too high. A great number 
of tests conducted with similar apparatus both at the University 
of Rochester and at Stevens Institute indicate that the Wilson 
line for a rapid expansion in a smooth nozzle should be located 
at about the moisture line of 4.5 per cent on the Mollier diagram. 

The writer published in 1934 a Wilson line’ which agrees with 
the author’s, but later work indicated that an error had been 
made in the measurement of the initial temperatures. When 
this error is corrected, the writer’s 1934 results agree with those 
obtained more recently, although both disagree with the author’s. 
The writer is about to check his temperature measurements 
with a precision potentiometer, and it is hoped that the dis- 
crepancy will be cleared up. 


AvuTHOR’s CLOSURE 
Mr. Coogan’s comments concerning the method employed by 


6 Research Engineer, Westinghouse Electric & Manufacturing 
Company, Philadelphia, Pa. 

7 Assistant Professor of Mechanical Engineering, Stevens Institute 
of Technology, Hoboken, N. J. Jun. A.S.M.E. 
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the author in the determination of the time required for condensa- 
tion to occur are not pertinent in their entirety. He is justified in 
stating that condensation time depends upon the length and con- 
tour of the nozzle as well as roughness, but on examination it will 
be seen that all of these factors are considered in the equation 
used for the calculation of the condensation time, since the D 
term in this equation is a function of nozzle length and contour. 

Furthermore, Equation [2] of the paper may be applied to any 
nozzle, regardless of its length, wherein the isentropic change in 
enthalpy is a linear function of nozzle length. Nozzle A, shown in 
Fig. 1 of the paper, possessed this feature in the region where the 
time element was being ascertained. Therefore, in this instance, 
the use of Equation [2] was proper. However, it should not be 
used indiscriminately for any type of nozzle. 

The difference in condensation times, as found by Mr. Coogan 
when applying the two methods of calculation, was due to his 
misuse of Equation [2]. When employed correctly it will render 
an accuracy in excess of that obtainable by graphical integration; 
for the latter method involves an approximation of the limiting 
value of a sum of terms and not an exact evaluation as does Equa- 
tion [2]. 

A determination of the lower limit of time required for conden- 
sation has not been attempted by the author. 

Mr. Emmons’ remarks pertaining to the moisture line of 11 
per cent on the Mollier diagram as the limiting position of the 
Wilson line are interesting in that they substantiate the author’s 
finding of a variable location of the Wilson line. This limiting 
position, discussed by Mr. Emmons, will be more nearly ap- 
proaehed the greater the rate of change of velocity of the ex- 
panding steam in a nozzle. ; 

In response to Mr. Egli’s question, the back pressures were 
maintained at the values shown principally because the data re- 
quired for the location of the Wilson line were not influenced by 
this amount of overexpansion. That is, the Wilson line would 
have the same location on the Mollier diagram as though the ex- 
pansion had proceeded under design conditions. 

This high back-pressure condition is not entirely out of keeping 
with modern turbine operation. For example, in a reaction tur- 
bine with a Curtis wheel on the high-pressure end, similar events 
as depicted in Figs. 2,3,4, and 5 of the paper will prevail, although 
to a lesser degree in those nozzle groups designed for a smaller 
load than the particular one existing on the turbine at any 
given moment. 

In regard to the tests on nozzle B, ihe second set of steam con- 
ditions was referred to as different for the purpose of contrasting 
it with the set originally chosen. 

The author has performed no experiments on the determination 
of droplet size variation. It is believed, however, that this may 
be accomplished by transmitting light of a known wave length 
through the flowing steam, and then applying the Rayleigh for- 
mula® deduced from Rayleigh’s law of scattering. This experiment 
would require a glass bottom on the nozzle as well as a glass top. 

The results of Professor Yellott’s anticipated tests with the im- 
proved apparatus mentioned by him are awaited with interest by 
the author. Undoubtedly he will reveal interesting and useful in- 
formation concerning the phenomena of supersaturation. 


The Interpretation of Creep Tests 
for Machine Design’ 
JoserpH Marin.? During the past year two theories have been 
developed for the design of member subjected to combined stresses 


8 Wien-Harms ‘‘Handbuch der Experimental Physik,” 1928, p. 368. 
1 Published as paper RP-58-15, by C. Richard Soderberg, in the 
November, 1936, issue of the A.S.M.E. Transactions. 
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accompanied by creep. One, a semiempirical theory, was for- 
mulated by Bailey,’ while the other, based on the work of Saint 
Venant, has been developed by Soderberg.'. A comparison of 
these two theories seems appropriate. In this discussion the com- 
parison will be made between stress o and creep rate C for simple 
tension on the basis of the power-function relation 


where A and n are experimental constants. It should be noted 
that the creep rate C is the constant minimum plastic strain or 
creep per unit time. 

For the case of combined stress let o:, 02, and o3 be the prin- 
cipal stresses and C;, C2, and C; the corresponding creep rates. 
Then the values of the creep rate C, by the Soderberg and Bailey 
theories are, respectively, 

n— 1 


A 
(Ci), = 2 + Y/2 — a2)? + (02 — 0)? + (03 ? 


(Cig = 2 FY — + (02 — 03)? + (03 — 
X [(o1 — 2m __ (o3 — 2m) [3] 


Similar equations can be written for the creep rates C, and (;. 

Comparison of Theories With Experiments. A comparison of 
these two theories with experiments shows that both theories are 
in equally good agreement. This comparison was made by the 
writer for tests on lead tubes subjected to torsion made by Jamie- 
son;* and tests on lead tubes subjected to internal pressure with 
axial loading, and steel tubes subjected to axial tension with tor- 
sion made by Bailey.’ It is apparent, however, that there is 
need for further experimental work on this problem. Further 
tests may give the same conclusion since the difference between 
the values of the creep rates by the two theories is comparatively 
small. A comparison of the creep rates for the two-dimensional 
case for all ratios of principal stresses shows that there is little 
difference between the theories. However, it is of more signifi- 
cance to determine the differences resulting in designs using the 
two theories. 

Applications. Steam piping is an example of a thin-walled 
cylinder subjected to internal pressure and axial loading. A com- 
parison of the required thickness for this case as determined by 
the two theories shows that the maximum difference in thickness 
is about 12 per cent. This value considers all possible stress 
ratios. The case of a thin-walled cylinder subjected to internal 
pressure and pure bending gives a corresponding maximum differ- 
ence in thickness of about 25 per cent. 
to high pressures, the thickness is no longer small compared to 
the diameter. An analysis by the writer of the thick-walled 
cylinder subjected to internal pressure by both theories shows & 
negligible difference for values n = 6, m = 2, as recommended by 
Bailey for medium-carbon steels. 

A comparison of the previously mentioned designs by the two 
theories indicates that it makes little difference which theory |8 
used. An analysis of the available test results shows that each 
theory is in equal agreement. However, there is an advantage 
in the use of the Soderberg theory in that the expressions for 


2 Assistant Professor of Engineering Materials, Rutgers Univer- 
sity, New Brunswick, N. J. Mem. A.S.M.E. 

3 ‘Design Aspect of Creep,” by R. W. Bailey, Journal of Applied 
Mechanics, vol. 3, Trans. A.S.M.E., vol. 58, March, 1936, p. A-l, 
abridged from ‘‘Design Aspect of Creep,” by R. W. Bailey, read be 
fore a meeting at the Institution of Mechanical Engineers, London. 
November, 1935. 

4“An Investigation Relating to the Plastic Flow of Lead,” by 
J. Jamieson, Ph.D. Thesis, University of Michigan, Ann Arbor, 
Mich., 1933. 
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the creep rates are not as complicated as in the Bailey theory. 
In addition, the Bailey theory requires the determination of three 
constants A, m and n in place of two. For these reasons the 
writer recommends the use of the Soderberg theory. However, 
it should be mentioned that more experimental work is necessary 
before a definite conclusion can be reached. 


CuarLes Davenport.’ In this discussion the writer will use 
the nomenclature which is given in the paper. Equation [16] of 
the paper 


1+ dT 


do = 


which the author integrates numerically step by step to obtain 
the relaxation of a boit may be integrated exactly as follows: 

Substitute Y = e’/" in the author’s Equation [16], and re- 
arrange, giving 


ay 
a linear differential equation, which is easily integrated 
{8] 


with the condition that at t = 0 (or T = 0) the stress o = o¢ the 


constant becomes C = — o/s), so that 
(6] 

e —1 


In order to obtain the time taken for relaxation from 50,000 lb per 
sq in. to 20,000 Ib per sq in., substitute oo = 50,000 and o = 
20,000 in Equation [6] of this discussion, which gives 7 = 0.313. 
Then Fig. 3 of the paper gives the time as 2150 hr. 

The step-by-step process followed by the author gives the 
shorter time of 380 hr since it extrapolates the higher rate of flow 
at the beginning of each At over the At. The large difference in 
the answers is due to the flatness of the relaxation curve in Fig. 4 
of the paper. 

The plastic flow necessary to allow this reduction in stress is 
= (50,000 — 20,000) /(30 10%) = Fig. 1 of the paper 
shows that the time required to produce this flow under a con- 
stant stress of 20,000 lb per sq in. is 2150 hr; exactly the same as 
the time required to produce a flow of « = 10~* in relaxation from 
50,000 lb per sq in. to 20,000 lb per sq in. That this coincidence 
is not accidental is shown by transforming Equation [6] of this 
discussion as follows 


or 


where the subscript e denotes the end or final condition. 
Equation [8] of this discussion states that the time required in 
relaxation to produce the flow ¢, which will allow the stress to re- 
lax from a high value oo to the final condition o,, is exactly the 
same as the time required to produce this same ¢ in creep, under 
the constant low stress ¢,. Physically this cannot be so, because 


_ 


* Harvard University, Cambridge, Mass. 


the high stress in the initial period of relaxation produces a more 
rapid flow than the constant, low stress ¢, in creep. 

The error which seems to have crept into the argument lies in 
the manner in which the formula « = ST has been applied to 
relaxation. This function has been obtained as a good empirical 
fit of creep data and as such contains no assumptions. A 
family of creep curves may be depicted as a curved surface in 
three-dimensional space on the coordinate stress ¢, plastic flow e, 
and time ¢. The creep curves are intersections of this curved 
surface with planes « = constant. The author of the paper 
makes the tacit assumption that the relaxation curves lie on this 
same curved surface, which is not permissible, as the writer will 
show. The assumption creeps in Equation [13] of the paper, 
which equation is an ordinary differentiation of the function « = 
ST, thus staying on the surface. The term Sd7 represents mo- 
tion on this surface along a constant-stress curve for a short time 
and is, of course, physically possible. The second term of Equa- 


os 
tion [13], rT. de, represents plastic flow as the stress is changed 


and time is held constant. We know that no plastic flow can 
take place in zero time; therefore, this term has no physical sig- 
nificance. 

It can now easily be seen why the same time was obtained for 
both creep and relaxation. If the relaxation curves lie on the 
same surface as the creep curves, then the value of the time for 
a given final value of o and e depends only on the end point and 
is independent of the path of integration. The latter parts of 
the paper, particularly Equation [30], are based on the same as- 
sumption and are therefore subject to the same criticism. Once 
it is clear that the o, e, ¢ surface of the creep curves must be differ- 
ent from the o, e, t surface of the relaxation curves, the determina- 
tion of the relaxation surface from creep data alone becomes 
a logical impossibility without a detailed knowledge of the whole 
phenomenon involved. In the absence of tests any theory which 
leads to plausible results is as good as any other. The writer 
proposes to discuss two such theories. 

First, let us assume that we may simply drop the second term 
of the author’s Equation [13], which we saw had to be zero physi- 
cally so that 


Now substitute S = (s,/E)(e’/* — 1) and de = — de/E and inte- 
grate from the limit: « = T = 0,o¢ = ao, with the result 
oo 
1 $1 


Relaxation fron o = 50,000 to ¢ = 20,000 lb per sq in. gives T = 
0.076 and from Fig. 3 of the paper we obtain the time for the 
relaxation as 60 hr. 

Writing Equation [9] of this discussion introduces an assump- 
tion of how we drop from one constant-stress curve to another as 
the stress relaxes. This is illustrated in Fig. 1 of this discussion 
by the jagged line 1,2,5,6, which of course becomes smooth as the 
intervals are taken small enough. Equation [9] of this discus- 
sion sums up all the plastic flows that take place along the por- 
tions of creep curves as 1-2 in Fig. 1 of this discussion, while the 
vertical drops from one constant-stress curve to the next (2-5) 
at constant time are not added because they give no plastic flow. 
These vertical portions correspond to the second term of Equa- 
tion [13] of the paper. 

The second theory of arriving at relaxation curves from creep 
curves, which has been developed by N&dai * and other writers, is 


*“‘The Creep of Metals—II,” by A. Nddai and E. A. Davis, 
Journal of Applied Mechanics, vol. 3, no. 1, Trans. A.S.M.E., vol. 
58, 1936, p. A-1. 
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shown as 1,2,3,4 on Fig. 1 of this discussion. It is based on the 
assumption that the stress is a function of the flow « and the flow 
rate u, that is, o = f(e, u). This determines the manner of mov- 
ing, from one constant-stress curve toanother. When the plastic 
flow 1-2 shown in Fig. 1 of this discussion has taken place the 
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stress is reduced and now this value of o and e determines the 
point 3. This includes strain-hardening effects but neglects the 
influence of time upon annealing or age hardening. Since this 
assumption o = f(e, u) seems the best and most reasonable exist- 
ing, it will be interesting to find the relaxation time, combining it 
with the extremely good fit of the creep curves « = ST as given by 
the author. 

The slopes (flow rate u) of Fig. 3 of the paper are found and 
plotted against 7 which shall now be called U, since it represents 


flow as a function of flow rate, whereas 7’ represented flow as a 
function of time. Just as a family of creep curves are obtained 
from Fig. 3 by multiplying the ordinates by S, a family of U-u 
curves can be obtained by multiplying both ordinates and ab- 
scissas of Fig. 2 of this discussion by S. So we can now write 


{11} 


This is simply a restricted way of writing o = f(e,u) which is a 
surface in space using stress, flow, and flow rate as coordinates. 
The assumption made in this theory is that the o, e, u surface is 
the same for creep as for relaxation. (Then the o, ¢, t surfaces for 
the two cases are different.) We now proceed to differentiate the 
relation, giving 


os 
0a 
Substitution of S = (s,/E)(e’* — 1) and de = —do/E yields 
do = — 8, i+ {13] 


which is similar to Equation [16] of the paper. Integration gives 
a result similar to Equation [6] of this discussion, or 


Solve Equation [14] of this discussion for several values, pick the 
corresponding values of u from Fig. 2 of this discussion and multi- 
ply by S, giving values of the actual flow rate. Plot the recipro- 
cal of this flow rate dt/de against the corresponding flow de = 
(oo — o)/E. The area under this curve is the relaxation time. 
Relaxation from 50,000 to 20,000 Ib per sq in. is found to require 
450 hr. 

Summarizing the results we find that the Soderberg numerical 
integration gives 380 hr, the Soderberg exact integration gives 
2150 hr, the constant time drop between creep curves de = SdT 
gives 60 hr, and the constant flow (N4&dai) ¢ = f(e, u) gives 450 hr. 
The last method seems to be the most logical one devised to date. 
Soderberg’s simple ST formula describing the results of creep 
tests considerably simplifies the application of N&dai’s method to 
any specific case. However, the whole question of the relation 
between creep and relaxation data cannot be solved by logical 
deduction, and can be cleared up only by tests such as are now 
being conducted in several laboratories. 


A. N&pat.? The analysis of the creep problem under combined 
stress presented by the author, and the various applications of it 
to a number of practical cases, deserve in many respects the atten- 
tion of steam-turbine designers and those who wish to understand 
better the mechanical laws which must be valid for creep. 
Scarcely anything can be added to the concise manner in which 
the fundamental equations of flow have been introduced in the 
paper. Equations [1] to [8] inclusive, of the paper, contain what 
is essential for an analysis of problems of this kind under combined 
stress. 

The author states that although there is a large amount of ex- 
perimental information available on creep curves, the precise 
shape of these curves is not yet known, and therefore the mathe- 
matical formulas for their expression are not available. Under 
these circumstances, the author prefers to assume a special law in 
Equation [9] of the paper, expressing the shape of these curves. 
Among the various cases there is one which is of considerable 
interest, namely, when the creep curves e” = f(t), where ¢’ 8 

7 Consulting Engineer, research laboratories, Wes ‘nghouse 
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the plastic strain and ¢ is the time, are obtained under a constant 
stress o, they tend to straighten out with increasing time /, that 
is, when the creep curves have straight asymptotes. According 
to Equation [9] of the paper, these straight asymptotes would 
have to pass through a common point in the plane of the coordi- 
nates e” and ¢. This would follow from the product form of 
Equation [9] of the paper 


[15] 


It occurs to the writer that this, for example, is the case for the 
flow of a pure viscous substance, where 


where ¢ is a constant coefficient of viscosity, and u” = de” /dt is 
the rate of strain. Another example is creep occurring according 
to the equation 


that is, if a logarithmic speed law is valid, where oo and uo are 
material constants. The viscosity coefficient in this latter case is 
= da/du"” = ao/u" 


which is inversely proportional to the strain rate. Thus, if the 
viscosity coefficient is a pure constant, as in Equation [16] of 
this discussion, or if it is a pure function of the strain rate u” or 
of the stress o as in Equation [18] of this discussion, no changes 
of the material properties (of the material constants on which 
creep must depend) with time ¢ are required to produce the ef- 
fects expressed by Equation [9| of the paper. Since some experi- 
mental evidence favors ordinary creep-time curves «” = f(t) ap- 
proaching a family of inclined straight lines, the more general 
ease in which these straight lines would be represented by the 
equation 


{19} 


that is, a family of straight lines, having in general an enveloping 
curve, could not be covered by the form Equation [15] of this 
discussion. 

These remarks involuntarily carry the discussion to the follow- 
ing questions which have figured in many discussions on creep 
and about which no agreement has apparently been reached by 
engineers: Does a steady state of creep exist and shall the 
straight portions of the creep-time curves be considered as the 
important portions for extrapolation? 

In connection with these questions it is of interest perhaps to 
write the expression of the increment of the yield stress ¢. In 
problems of this kind the yield stress ordinarily is assumed as a 
function of the plastic strains e” and the plastic-strain rates u” = 
de"/dt. As suggested by the author, the influence of the time ¢ 
upon the material properties may also be included. The fact that 
at elevated temperatures the yield stress (or the hardness H which 
is associated with it) can change with time t when the metal is 
not strained at all (when e” = a constant and u” = 0) is expressed 
by the differential relation 


at 


Writing for 
(Oa /Oe”) = (Oc /Ou") = (Oc /Ot) = X...... (20) 


then Equation [19] of this discussion can be written as 


do = yde” + + .............. [21 | 
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where y is the modulus of strain hardening, ¢ is the coefficient of 
viscosity, and X is the modulus of softening or hardening. 

The metal hardens if X > 0, but if X < Oit softens at the time 
t. After dividing Equation [21] of this discussion by dt 


du” 
dt 


do 


dt 


is obtained in which the differential quotient on the left side ex- 
presses the rate of increase of stress, while wu” is the plastic rate of 
strain. For example, for a constant-stress test ¢ = a constant, 
that is, for the ordinary time-creep test, do/dt = 0 and 


yu" + o(du"/dt) + X =0............. [23) 
is obtained. One of the many uses of Equation [23] of this dis- 
cussion is for defining the conditions under which a steady state 
of stress is possible in creep. Equation [22] of this discussion 
offers an additional method for an approach to the problem of cor- 
relating the various special types of tests with each other, as 
for example, in discussing the constant-stress test, the relaxa- 
tion test, or the test for constant-strain rate under given con- 
ditions. 

The writer noted from the curves representing the distribution 
of the radial and tangential stresses, computed by the author for 
the case of a revolving disk containing a central hole, that the 
stress distribution after a certain time has elapsed does not change 
much more with time. In other words, after a certain time has 
elapsed and the stresses have redistributed themselves, they do 
not change further and seem to become steady. 

The writer believes that the condition under which a state 
of stress is to be expected with a sufficient degree of ac- 


curacy is when the creep curves for a constant stress become 
straight lines. 


AvuTHOR’s CLOSURE 


Mr. Marin’s comments on the relative differences of the two 
theories are interesting and of practical value. The author cer- 
tainly subscribes to the urgent need for more reliable tests of creep 
under combined stresses. However, the laws of plastic flow, 
which have been established for ductile materials at room tem- 
perature, and which really form the basis for the author’s pro- 
posed theory, have a sound background of experiments. The 
application to materials at high temperatures is made difficult 
chiefly because of the difficulty of interpreting the results of the 
long-time creep tests themselves. No theory of combined stresses 
can be subjected to a really conclusive proof until it is possible to 
obtain curve fits superior to those now obtained by the power 
function used in this comparison by Mr. Marin. 

The author is compelled to subscribe to the essential correct- 
ness of Mr. Davenport’s criticism of the use which has been made 
of the empirical Equation [9] of this discussion. In the latter 
part of the discussion, however, it seems that Mr. Davenport has 
repeated some of the mistakes which the author so regretfully 
acknowledges. 

Equation [9], « = ST, has been postulated as an empirical 
relation, which is valid only for paths of constant stress. The 
fundamental error committed by the author lies in disregarding 
this restriction in the differentiation of this equation, that is, 
Equation [15] of this discussion. 

However, the author has not found it possible to agree with 
Mr. Davenport that there is more than one method of extrapola- 
tion from the constant-stress creep results to the relaxation case. 
The discussion of this point is simplified if T is treated as the real 
time variable, so that the creep curves are straight lines. 

The validity of Equation [9] of the author’s paper is en- 
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tirely a matter of experiment. 
to the equation 


Once accepted, however, it leads 


=u 
aT Fconst 


This relation expresses the fact, implicit in Equation [9], that the 
creep rate does not depend upon 7 or «. An attempt to write 
the relation given by Equation [11], postulated by Mr. Daven- 
port, thus leads to Equation [9a] of this discussion, and the two 
solutions must be identical. The differences obtained by Mr. 
Davenport must be ascribed to inaccuracies in the mechanical 
integration of Equation [14] of this discussion. 

Now, if in the time dT the specimen is given a plastic elongation 
de, the corresponding stress is uniquely determined by Equation 
[9a], or its solution in ¢. Conversely, if a constant stress o is 
applied over an interval d7, the resulting deformation is Sdt, re- 
gardless of the values of « and 7. 

On this basis, it seems that the solution presented by Equation 
{10} of this discussion is the one which logically follows from 
the empirical Equation [9] of the paper. Experimental data 
are needed to prove or disprove this relation, but once it is ac- 
cepted there does not seem to be more than one interpretation. 
Direct relaxation tests are difficult to conduct accurately enough 
to decide the point under discussion. 

_Mr. Davenport has pointed out a mistake which invalidates a 
certain part of the paper. It applies equally well to the differen- 
tiation in Equation [30] of the paper, and the step-by-step solu- 
tion of the ring problem. If the Equation [9a] be used as a basis, 
the change brought about by Mr. Davenport’s criticism is a con- 
siderable simplification of the entire process. Since the ulti- 
mate steady state is not affected, the modification of the result 


given by Fig. 7 of the paper appears to be less far-reaching than 


one would expect at first. A revision of this solution will be 
published later in connection with a planned discussion on the 
steady state of plastic flow. 

Dr. Nadai refers to an important aspect of the plastic flow in 
two or three dimensions, namely, the premises of the steady state. 
The steady state is characterized by constant stress, even though 
the plastic flow may continue. The author does not consider 
the steady state related to the question of whether or not the 
creep curves for constant stress are straight lines. The basis 
for this assertion is that the essential aspects of the phenomenon 
portrayed by Fig. 7 of the paper are not changed at all, even if 
the creep curves at constant stress were straight lines throughout 
the entire flow. The only difference would be a difference in 
labeling of the individual curves of stress distribution. 

The author regrets that the paper is not sufficiently explicit on 
this important subject. Equations [50] of the Appendix of the 
paper give the change in stress (Ac;, and Ag,) at any point r of 
the ring, as a result of a certain distribution of plastic flow (ex- 
pressed through Ao,¢*) over the entire ring. The steady state is 
defined by Ao; = Ao» = 0. With this restriction Equations 
{50| become a pair of integral equations for determining the cor- 
responding distribution ( Ac,¢*) of plastic flow. Equation [59] of 
the paper is in fact the solution to these integral equations, and 
forms the basis for the plotting of the steady state. 

So far, the steady state is not even related to a creep law; it 
is merely a geometrical expression for the configuration of flow 
which will produce no change in stress. To translate this result 
into an &ctual stress distribution it is necessary to resort to a 
creep law and an equation of equilibrium. 

This part of the discussion of the steady state had to be 
deleted because of lack of space, but it will be referred to again 
in a future paper. 
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Supervising: Instruments for the 


165,000-Kw Turbine at the 
Richmond Station’ 


C. RicHarRD SoDERBERG.? The original suggestion for remote 
recording instruments for large turbines appears to be due to 
G. L. Knight of the Brooklyn Edison Company and dates back 
several years. At that time outdoor constructions of large tur- 
bine aggregates were under serious consideration, and such 
turbine generator units would require a new approach to the 
problem of operation. While this scheme of powerhouse con- 
struction never matured into actual projects, it left a permanent 
mark upon conventional constructions in the form of a slightly 
modified set of supervisory-control instruments, of which the 
paper! gives the Westinghouse version. 

The author’s description of a development, to which he per- 
sonally has made the major contribution, leaves very little to be 
required in the way of additional comments. It will be noted 
that, with the exception of the noise meters, the supervisory 
instruments of the Richmond unit are all based on the same 
fundamental measuring principle, with a common primary high- 
frequency circuit serving all of the elements. This principle, 
which is by no means original with this development, has proved 
to be eminently suited to the particular problems involved. The 
operating results have on the whole been quite satisfactory with 
the exception of those of the eccentricity meter. In the design 
of this particular instrument an attempt was made to obtain a 
device which would operate without mechanical contacts with 
the shaft. In addition, it was considered desirable to locate the 
instrument in the gland space, where the ordinary dial-gage 
readings are taken during slow rolling. 

The location of electrical windings and a magnetic circuit just 
outside of the gland space naturally imposed severe requirements 
on their construction. While these difficulties undoubtedly could 
be overcome, the large displacements of the shaft in the oil film 
made it difficult to interpret the readings. On the basis of the 
experience at the Richmond Station, it has been concluded that 
an eccentricity meter which contacts the shaft is a more practical 
solution. Such eccentricity meters have since been constructed 
by the Westinghouse Research Laboratory at East Pittsburgh, 
Pa., and have proved to be of great value for field balancing applica- 
tions. These have been of a portable type, however. A per- 
manent eccentricity meter is not at the present time considered 
as a worth-while complication, since the routine data obtained by 
the remote recording vibrometers and expansion meters give the 
desired information. 

The noise meters have given no particular trouble, but their 
continued use in the future is by no means assured, because of the 
uncertainty in interpreting the sounds obtained. The experi- 
enced turbine operator appears to prefer the simple listening stick. 

With regard to the future applications of supervisory instru- 
ments of this kind, it may be stated that they can be justified, in 
the present form at least, only for giant installations in the class 
of the Richmond unit. A simpler and less expensive form of the 
vibration and expansion meters might possibly find applications 
on intermediate sizes of central-station turbines. The Richmond 
installation has been of great significance, however, in revealing 
expansion and vibration characteristics of large high-temperature 
turbines which would not have become known through the ordi- 
nary type of instruments. 


! Published as paper FSP-58-9, by H. Steen-Johnsen, in the Novem- 
ber, 1936, issue of the A.S.M.E. Transactions. 

2 Manager, turbine division, Westinghouse Electric & Manv- 
facturing Company, South Philadelphia, Pa. Mem. A.S.M.E 
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(The following discussion was presented jointly with the discus- 
sion of the paper by J. L. Roberts and C. D. Greentree.*) 


T. C. Ratnpone.‘ The expansion meter, as shown in Fig. 2 of 
Steen-Johnsen’s paper, is mounted on one side of the thrust 
pedestal. The writer knows from experience that the pedestal 
does not always move out uniformly, but has a tendency to cock, 
that is, one side will get ahead of the other. In fact, on one par- 
ticular unit the writer observed that this cocking was sufficient to 
cause binding in the gibs which resulted in a spasm of vibration. 
Until the trouble was corrected, it was necessary to free the 
pedestal by a sledge-hammer blow in order to stop the vibration. 
The point to be made is that if the expansion meter cannot be 
placed on or near the center line, two meters are required, one at 
each side, to show the true expansion movement. 

Both shaft truth indicators described are of the magnetic-air- 
gap type. Some difficulty has been experienced in calibrating 
one of the systems. The writer would like to call attention to the 
fact that his company is making a practice of magnetizing turbine 
rotors for the purpose of carrying out magnaflux tests for fatigue 
cracks in blades, disk wheels, and rotor shafts, and up to now has 
not attempted to demagnetize the rotors. If the residual mag- 
netism, which may not be uniform circumferentially, will have any 
effect on the eccentricity records, it will be necessary to de- 
magnetize rotors equipped with such instruments. 


Fig. 1 THEoRETICAL VipraTION FicguRES RESULTING From Com- 
BINED 1200-Rpm AND 1800-Rpm INFLUENCE oF PHASE 
ReEtaTIons 90 Dec APART 


(Lengths A to B, B to C, and A to C are each traversed in ' 30 sec., the 
full curve is traversed in 0.1 sec.) 


The eccentricity recorder described by Messrs. Roberts and 
Greentree is also used to record the shaft movement at the 
operating speed. The charts exhibited show that no relation 
exists between the eccentricity of the shaft and the bearing 
Vibration. This is entirely out of line with the writer’s experience. 
While in charge of vibration research at the South Philadelphia 


*“Turbine Supervisory Instruments and Records,” by J. L. 


Roberts and C. D. Greentree, Trans. A.S.M.E., vol. 58, November, 
1936, paper FSP-58-7, pp. 607-614. 

‘ Chief Engineer, turbine division, Fidelity & Casualty Company 
of New York, New York, N.Y. 


works of the Westinghouse Electric & Manufacturing Company, 
the writer conducted a rather exhaustive investigation of turbine 
vibration, and later published the results.’ The principle that 
the vibration at the bearing responds to the rotor unbalance was 
confirmed by this investigation to such an extent that he was 
able to predict not only the amplitude, but the actual shape and 
phase relation of the vibration ellipse figure at each bearing for 
any combination of unbalance in the rotor. So far as bearing 
vibration is concerned, there is no difference between unbalance 
cue to eccentric balance weights and that due to shaft eccen- 
tricity. 

The erratic eccentricity readings may have been due to vibra- 
tion transmitted from other machines, which affects the shaft as 
well as the bearings. Interacting influences between a 1200-rpm 
and an 1800-rpm machine produce a complicated vibration figure, 
and if the component in one direction only is being recorded, the 


Fig. 2. AcruaL RecorbD OF THE THEORETICAL CONDITIONS SHOWN 
IN Fie. 1 


result would be very confusing. Fig. 1 of this discussion shows 
the theoretical vibration figures due to a combination of 1200-rpm 
and 1800-rpm influences, for four simple phase relations. Fig. 2 
of this discussion shows an actual record of such a condition. By 
a suitable change in phase and amplitude, the observed figure 
could be produced synthetically. Observation of one linear com- 
ponent would be unintelligible. 

The difficulty seems to be in the method of recording the ec- 
centricity. The turbine and foundation are vibrating at the 
operating speed, and the only means for securing a steady 
reference point is the seismographic pendulum. If the eccen- 
tricity recorder be mounted on the bearing or casing which is 
vibrating, then it can no longer be a reliable reference point. If 
for example, the bearing vibration and the shaft movement were 
equal, but 180 deg apart in phase, the apparent eccentricity will 
be double the true amount. If in phase, no eccentricity will be 
apparent. 

The eccentricity meter is a valuable and reliable instrument for 
the low rolling speeds. For some years the Westinghouse Electric 
& Manufacturing Company has supplied ordinary dial indicators 
and brackets to be used for checking the shaft eccentricity before 
bringing the turbine to speed. Charts were also supplied so that 
the operator could predict some time in advance how much rolling 
time would be required before the unit could be put on line. 
Checking the shaft for trueness has been a standard operating 


5 ‘*Turbine Vibration and Balancing,”’ by T. C. Rathbone, Trans. 
A.S.M.E., vol. 51, 1929, paper APM-51-23, pp. 267-284. 
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procedure for years,® so that nothing new is contributed by the 
elaborate recording devices described which suddenly make it 
possible to reduce the time necessary to get the unit on line, as 
the paper by Messrs. Roberts and Greentree would indicate. The 
contribution lies in the development of a means for recording the 
data at a remote point. Incidentally, with the unlimited avail- 
able force supplied by the eccentric shaft, it would seem that the 
eccentricity record could be accomplished without the necessity 
for the elaborate and delicate apparatus described. 

The spindle rolling gear was first introduced for the purpose of 
preventing spindle distortion. This accomplished two purposes: 
First, the time required to bring the spindle to speed was greatly 
reduced, and second, the danger of blade-tip and packing rubs 
during the first revolution was largely eliminated. But part of 
the danger of such rubs is due to the humping of the cylinder 
during shut down. It would be very desirable if some type of 
apparatus were developed which would indicate this cylinder dis- 
tortion. Admittedly, the problem is difficult. 

The writer has not had an opportunity to listen to the sound- 
transmitting devices, but believes that operators will have to be 
given some time to learn to differentiate the various noises, just 
as it requires a long experience to interpret the noise coming 
through the common listening rod. Attempts to amplify the 
noise by diaphragm or stethoscope attachments are usual]y con- 
fusing, after one is accustomed to the plain rod. 

In this connection, it is suggested that further investigation 
may be profitable in the attempt to get warning of rubs by means 
of an electric circuit. On units equipped with the oil governor, 
there should be no metallic contact between the rotor and the 
stationary parts. The rotor is effectively insulated by the oil 
film. By means of a brush contacting the shaft at the No. 2 
gland space, and a battery circuit with headphones, the writer 
was able to tell instantly when a micrometer mounted in the 
A blade or packing 

If all rotors were 


cylinder touched the rotor during operation. 
rub should have produced the same result. 
effectively isolated, this method for sounding an alarm would be 
far more positive than depending on sound. 

Both vibration meters described are valuable achievements. 
With such apparatus it is possible to correlate changes in vibra- 


tion with changes in operating conditions. The clues to many 
vibration difficulties have been uncovered by such studies. 

The impetus for the development of the apparatus described 
was largely due to G. L. McKnight of the Brooklyn Edison 
Company. The writer recalls during preliminary discussions at 
the time, that a vibration alarm device was also proposed. Such 
an instrument mounted permanently on the turbine bearing could 
be set to sound an alarm when the vertical vibration reached some 
predetermined amount, say 8 mils. Few operators are around the 
units in a large plant. A saving in only 10 or 15 minutes in 
getting a unit in distress off the line might make a tremendous 
difference in the resulting damage. The writer still believes that 
such a costly machine as a steam turbine deserves being equipped 
with a vibration alarm. 


Joun McLaren.’ The authors of these papers!? should be 
commended for a clear exposition of the possibilities of supervising 
instruments on turbine installations. The writer believes there 
is a large field for the use of instruments of this type throughout 
the country, not only in installations of large-capacity turbines 
but also in installations of smaller size where it is important, 
from a financial point of view, to have definite knowledge of the 
operating characteristics of the machines in order to forestall any 


* “Turbine Shaft Distortion,’’ by T. C. Rathbone, The Electric 
Journal, Feb., 1931, pp. 91-95. 

7 Supervising Engineer, The Travelers Insurance Company, 
Hartford, Conn. 
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condition which may result in severe rubbing or failure, and thus 
require expensive repairs or replacements. 

The records shown by Messrs. Roberts and Greentree on the 
160,000-kw and 20,000-kw turbines, and, more particularly, the 
variation between the eccentricity of the shaft and the vibration 
of the bearings are veryinteresting. The writer has supervised and 
analyzed a large number of vibration tests on both the bearings and 
the shafts of turbines, and has found that a study of readings from 
these tests generally gives a more accurate indication of the 
operating conditions of the machine than could be obtained by 
measuring the vibration amplitude from the bearings alone. 
Cases have been found where the vibration or eccentricity of the 
shaft was considerably greater than the vibration read from the 
pedestal, and it is believed that readings taken from the shaft will 
give an earlier indication of defective operation than will a vi- 
brometer reading from the pedestal. This is evidenced from the 
records shown by the authors, wherein the shaft eccentricity went 
as high as 0.014 in., while the vibration amplitude of the bearing 
was of small magnitude. 

In any possible development of these instruments for recording 
shaft eccentricity, the writer believes that it would be advisable 
to have these instruments located close to the bearing on the 
machine side of the bearing rather than on an extension to the 
shaft, because the readings can be too easily misinterpreted if 
they are taken on an extension to the shaft. The shaft itself, 
while running, will not always take up the same position in the 
bearing. The position of the shaft in the bearing will vary ac- 
cording to the load and the speed, with the result that when 
starting up on changing load conditions, unless continua] com- 
pensation is resorted to, there is a possibility of the readings not 
being readings of the true eccentricity of the shaft. 

The writer is somewhat disappointed that Mr. Steen-Johnsen 
did not show a record of the shaft eccentricity which had been 
taken with his company’s instrument. It is unfortunate that 
these experiments are not being continued, inasmuch as con- 
siderable light would be thrown on the relation between the 
eccentricity of the shaft and the vibration of the bearings. 

It is granted that a vibration record taken on the bearing alone 
is an important indication of the mechanical condition of the 
turbine, but an analysis of such a record in conjunction with the 
shaft vibration would be a greater help to the operating engineer 
and be of valuable assistance in an analysis of any trouble which 
may occur. 

The interference detector or noise meter should also be a valu- 
able adjunct to supervisory instruments in the operation of 
turbines. While an experienced operating engineer can determine, 
with a considerable degree of accuracy, faulty operation of a 
turbine by use of the listening rod, even the most experienced 
operator is handicapped by the limited and variable sensitivity of 
the human ear. There is a large number of turbine installations 
throughout the country which have been in operation for a num- 
ber of years. Many of these units have undergone repairs from 
time to time, and if noise-meter records were available for such 
units, they would be a valuable indication of the condition of 
these turbines not only while starting up or while increasing oF 
decreasing the load, but also in regular operation. The writer 
does not believe that the average operator would have any diff- 
culty in analyzing the noise records once they were thoroughly 
understood. It is realized the record looks rather complicated, 
but if it were studied along with the other records that have been 
discussed, valuable information could bé obtained. 

The writer believes that in considering the further use of the 
noise meter and bearing vibrometer, it would be worth-while to 
install an oscilloscope which could be connected with these instru- 
ments and switched in when records indicated there was some- 
thing wrong. The oscilloscope is being used more and more and 
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it is only a matter of time until this instrument also will be used 
very effectively in conjunction with supervisory instruments. 
After the fundamentals are learned, the average operating engi- 
neer should have no difficulty in interpreting the figures shown on 
the screen of this instrument. It would not add greatly to the 
expense of the supervisory instruments and would be a valuable 
addition, 

In the writer’s opinion, there is a wide field of usefulness for 
properly designed and simplified supervisory instruments on 
turbine installations of a size much smaller than has been con- 
templated in these papers.’ 


AvutTHor’s CLOSURE 


Some interesting features of the turbine-vibration problem are 
given consideration by Messrs. T. C. Rathbone and John Mc- 
Laren in their discussion of the author’s paper. 

Mr. Rathbone calls attention to the tendency of the thrust 
pedestal to cock, with unequal cylinder expansion, and the con- 
sequent need for two expansion detectors in order to record fully 
the expansion characteristics of the turbine. 

The author does not believe this refinement to be necessary 
for everyday observations. Cocking of the pedestal as we know 
it is invariably accompanied by nonuniform expansion, which 
shows up as a Jagged line on the expansion record. However, 
when it becomes necessary to conduct a detailed analysis of 
vibration trouble, the amount of cocking of the pedestal is of 
importance. In such an analysis it is therefore necessary to 
secure expansion recordings on both sides of the pedestal. In 
connection with a recent vibration investigation, two expansion 
detectors were used,-and the recordings obtained were vital 
factors in locating the trouble. 

Regarding the magnaflux testing, the residual magnetism in 


the shaft unquestionably will influence the readings from an 
eccentricity detector that utilizes the solid shaft as part of the 


magnetic circuit. However, if a laminated ring is mounted on 
the shaft and the magnetic circuit completed through this ring, 
rather than through the solid shaft, there should be no trouble 
from residual magnetism in the soft iron ring. 

The inconsistency observed in the eccentricity and vibration 
recordings exhibited by Messrs. Roberts and Greentree is, as 
Mr. Rathbone points out, not in line with earlier observations. 
It is the author’s opinion, that the inconsistency is caused by 
the location of the pickup on the shaft extension. The readings 
on each side of a bearing are seldom the same, and of opposite 
phase. As a rule, the shaft extension shows a smaller reading 
but larger readings also have been observed, and frequently the 
readings have been observed to be in phase; but in the majority 
of cases the phase relation is erratic. 

As pointed out by Mr. McLaren, the most reliable readings are 
obtained close to the bearing and on the machine side of the 
bearing. It is true that the amplitude on the shaft is greater 
than on the bearing in the majority of cases. Particularly is 
this true on 3600-rpm high-pressure machines. But for the ob- 
servation of day-to-day changes in a machine, and as a warning 
signal of unusual operating characteristics, the readings on the 
bearing are satisfactory, when obtained with an instrument of 
suitable sensitivity. On the other hand, for purposes of efficient 
balancing, or complete analysis of vibration trouble, it is vastly 
preferable to use shaft vibration. 

It is the author’s practice to obtain such shaft readings me- 
chanically, with instruments that are flexibly supported. This 
avoids the reading of relative eccentricity between the pedestal 
and the shaft. An electrical eccentricity detector, as mentioned 
in the original paper, operating from a follower on the shaft, would 

constructed on the same lines to give absolute readings. If 
the demand should warrant it, the development of such a device 


could unquestionably be carried through to success. However, 
the interest in instruments of this type in connection with active 
turbine installations does not indicate such a demand. 

Mr. McLaren expresses interest in the relation between shaft 
and bearing vibration. At present, time does not permit en- 
tering into this question, but it will be considered in a future 
paper. 


Turbine Supervisory Instruments 
and Records’ 


G. L. Kyicur.?. Supervisory instruments received their first 
impetus some years ago when engineers of the Consolidated 
Edison System were seriously considering the installation of 
large outdoor turbogenerator units in a proposed new generating 
station. 

At the time various alternative power-station designs were 
considered, but in general the suggested design involved installing 
the boilers and turbogenerators in the open air with a service 
building between them. Such equipment as condenser auxiliaries, 
feedwater pumps, and fans were to be housed in basement or 
ground-level structures. Control of the turbogenerators was to 
be concentrated in the basement of a service building adjacent 
to the turbine-room basement. 

Such a design called for four different types of remote-control 
indicating and recording instruments which would give the 
operator reliable and constant indication of the condition of his 
turbine, both in starting and shutting down and in regular opera- 
tion. It also involved the operation of the throttle valves by some 
form of Selsyn motors with position indicators and suitable oil- 
and steam-temperature indicators, all of which would have been 
comparatively simple since applications of these devices and 
instruments had already been worked out. 

For the remote instruments it was necessary, as Messrs. 
Roberts and Greentree have pointed out in their paper, to have 
first, an instrument for indicating the straightness of the turbine 
shaft measured by eccentricity at the end of the shaft; second, 
an indication of vibration at several critical points on the tur- 
bine; third, an indication of unusual noise, that is, other than 
the steam flow, which would give instant notice to the operator 
at the start of any rub; and fourth, an indication of the expansion 
of the turbine shell at starting and loading time, and also at the 
time of putting the unit back into service after overhaul. 

An order was given to the Genera] Electric Company for a set 
of these four instruments to be installed on the No. 8, 160,000-kw 
General Electric turbogenerator at the Hudson Avenue Station 
with the understanding that the instruments were to be paid for 
when accepted as satisfactory. While it has taken a much longer 
time to develop the instuments in both factory and field than 
was anticipated by either the General Electric Company or the 
Brooklyn Edison Company, they have now been so developed and 
accepted, and are being placed in everyday operating service. 

The outdoor type of station has been given up, because further 
analysis of station design showed only a very small difference in 
cost per kilowatt of capacity between outdoor and simplified 
indoor types. However, the instruments as now developed are 
considered a distinct forward step for the completely housed 
station because they give the turbine operating engineer a 
definitely superior and more reliable guide for indicating the 
condition of the turbine at all times. Thus these instruments 
have promoted safer operation, and in turn, improved reliability 
of service. 

1 Published as paper FSP-58-7, by J. L. Roberts and C. D. Green- 


tree, in the November, 1936, issue of the A.S.M.E. Transactions. 
2 Vice President, Booklyn Edison Company, New York, N. Y. 
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The Brooklyn Edison Company will be glad to give an account 
of operating experience with these instruments and suggests 
that time be devoted at some future meeting to accounts of the 
operating experience both with these instruments and those 
developed by the Westinghouse Company and installed on the 
165,000-kw turbogenerator at the Richmond Station of the 
Philadelphia Electric Company.*® 

To the authors of the paper belongs the credit for overcoming 
many obstacles in the development of these new and better 
tooJs and finally bringing them to the state of perfection which 
justified their acceptance. 


C. Richarp SoperBERG.* This paper, with the companion 
paper by Mr. Steen-Johnsen* on the same subject, presents an 
interesting example of two independent solutions to a common 
problem. The methods employed differ only in minor details, 
and the operating experiences appear to have been quite similar. 

The data given from actual turbine operation are of consider- 
able interest in that they reveal the typical behavior of large 
turbines not previously recorded in this manner. The authors 
note that, once the eccentricity of the turbine shaft has been 
reduced to a certain minimum, the remainder of the starting 
period can be much abbreviated. This is an important subject, 
on which it is difficult to obtain reliable information, since most 
operators quite appropriately are not inclined to experiment with 
short starting periods just for the sake of scientific information. 

The importance of the turning gear in the operation of large 
turbines cannot be exaggerated in this connection. The turning 
gear was introduced not so very Jong ago as a convenient but by 
no means indispensable aid, particularly for units subjected to 
frequent starts. The experience obtained on the Richmond unit,* 
which due to peculiar load conditions is started and stopped daily 
during certain periods of the year, is even more remarkable than 
that recorded by the authors for the units at the Hudson Avenue 
Station. There is no exaggeration in stating that such a mode 
of operation would be entirely impractical if the turbine were 
not equipped with a turning gear. 

The use of supervisory instruments of the type described is 
certainly justified on very large units, particularly during the 
investigation of obscure vibration phenomena. The same results 
could conceivably be obtained by portable instruments of simpler 
construction, brought to the station during the investigation. 
It would be interesting to have the author’s opinion with regard 
to the justification for this degree of complication as a standard 
accessory for central-station turbines in the moderate sizes. 


AuTHORS’ CLOSURE 


Several pertinent points in connection with turbine supervisory 
instruments have been high-lighted by the foregoing discussions, 
and certain features of instrument design, which were not ade- 
quately covered in the original paper, have been questioned. 

G. L. Knight’s proffered subsequent account of operating ex- 
perience with these instruments should furnish valuable informa- 


tion and the authors hope that plans can be made to include such 


a report at some future meeting of the A.S.M.E. The General 
Hlectric Company is now equipping several turbines with these 
devices, and much additional information on the behavior and 
operation of several types and sizes of turbines will shortly be 
available. 

In reply to C. R. Soderberg’s concluding question as to the value 
of these instruments on moderate-size turbines, the authors be- 


3 ‘Supervising Instruments for the 165,000-Kw Turbine at the 
Richmond Station,’’ by H. Steen-Johnsen, Trans. A.S.M.E., vol. 
58, November, 1936, paper FSP-58-9, pp. 621-626. 

4 Manager, Turbine Division, Westinghouse Electric & Manu- 
facturing Company South Philadelphia, Pa. Mem. A.S.M.E. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


lieve that their protective functions in addition to their aids to 
operation make them economically justifiable on turbines of 
10,000 kw, or even less, when it is desired to maintain turbine 
efficiency and restrict outages. This is especially true of the 
eccentricity recorder which, it will be remembered, supplied 
correct information quite at variance with that which might have 
been deduced from the vibration records only, or from vibration 
readings by an operator. True, instruments simplified by the 
substitution of indicating for recording meters, could be brought 
to the station for the investigation of obscure vibration phenom- 
ena, but these would hardly substitute for the continuous, day- 
by-day record on which any deviation from previous patterns 
will be immediately evident to the operator. When conditions 
make it necessary or desirable to shorten the starting period, an 
operator of even a small turbine, equipped with these instruments, 
can adapt his practice to the recorded conditions, rather than 
having to depend on experimentation or slow handmade measure- 
ments which he may not have time to make. 

T. C. Rathbone’s discussion presents some interesting points 
which can best be clarified by considering certain phases of the 
design of the instruments which were omitted from the paper. 

While location of the expansion-detector unit on one side of the 
thrust pedestal might give erroneous information if there were 
binding in the gibs, the General Electric expansion detector can 
be (and is, on the 20,000-kw mercury turbine) mounted on the 
turbine center line. 

It will not be necessary to demagnetize rotors equipped with 
supervisory instruments, because experiments have shown that 
random magnetic poles throughout the shaft have no effect on the 
eccentricity measurements made between the detector coils and a 
special ring located at the front end of the shaft. 

Interpretation of the Brooklyn Edison eccentricity records on 
the basis of interference from structure-borne vibrations from ad- 
jacent synchronous or asynchronous machines clashes with the 
three following points: 

1 Except during starting, there were no asynchronous 
machines adjacent to the Brooklyn Edison turbine on which the 
records were taken. 

2 The structure-borne vibration from an adjacent machine, 
as shown at the right-hand end of the vibration-amplitude record 
Fig. 3 of the paper, is much smaller than the eccentricity values 
being measured. Furthermore, adjacent-machine load changes 
produced no discernible change in the measured machine records. 

3 By means of a specially adapted seismographic type of 
indicator in actual contact with a smooth rotating surface con- 
centric with the shaft center line, the electrically detected eccen- 
tricity-recorder readings were checked and verified point by point 
during a starting sequence and the subsequent loading period. 

Furthermore, it must be remembered that the object of the 
eccentricity recorder is to obtain a true picture of the bending of 
the shaft relative to its own shell, and not relative to a fixed point 
in space. The latter procedure would encompass low-frequency 
foundation movements of which both the shaft and its shell may 
partake, thus needlessly and erroneously complicating the record. 
In the seismic instrument checking tests previously mentioned 
in this closure, the movement of the shell relative to a fixed point 
was so slight in comparison with the eccentricity being measured 
that the results were substantially identical on either basis. 

True, vibration of the eccentricity-detector coils relative to the 
shaft-eccentricity ring will produce erroneous results, and for this 
reason great care is taken to mount these coils in such a manner 
that what small vibration they do have will be considerably less 
than even the small eccentricity values which can be recorded. 

Mr. Rathbone’s point that following rods with dial indicators 
have been used for some time to indicate shaft eccentricity at low 
rolling speeds is well taken. Yet their very limitation to the low 
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rolling-speed range added impetus to the need for a continuous- 
recording device good at all speeds. As the published records so 
clearly show, large eccentricities may be produced at synchronous 
speed during the loading cycle, even though the eccentricity 
while coming up to speed was not excessive. This operating- 
range extension, together with the continuous-recording features, 
gives the operator a tool quite different from that which was 
formerly available. 

Changing the form of listening device to which the operator is 
accustomed is admittedly risky, but the value of the interference 
detector lies in its tremendous amplification. Under loaded con- 
ditions, the turbine and steam noises are so complex and loud that 
only an experienced operator can distinguish those particular 
groupings of sounds beneath the general noise level which are 
associated with trouble. But at the time of greatest danger from 
rubs, when the turbine is starting up after a shutdown, the tur- 
bine noise is unencumbered by steam noise, and the available 
amplification makes slight rubs (which are indistinguishable with 
the conventional listening rod) not only audible but clear enough 
to be heard above the air-borne noise from adjoining machines. 
In addition, the inception of a rub is instantaneously announced 
to all the operators adjacent to the turbine, rather than having to 
depend on a single operator who may not be present when the 
rub first develops. 

The vibration device described in the paper is also capable of 
tripping an alarm signal, as mentioned by Mr. Rathbone. One 
way which we have provided for tripping such a signal, when vi- 
bration amplitude exceeds a certain predetermined amount, is 
by the application of standard contact-making points to the re- 
corder mechanism of the vibration-amplitude recorder described. 

Replying to McLaren’s discussion the authors would empha- 
size the fact that the actual shifting of the shaft during speeding up 
and loading sequences, to which he refers, is the condition which 
caused the most trouble in the development of the eccentricity 
recorder. The circuit of the eccentricity detector described in 
the paper is so constructed that the once-per-revolution, cyclical, 
true shaft-curvature reading is independent of the average posi- 
tion of the shaft in the bearing. With a shaft eccentricity of 
0.0005 in., the average gap between the shaft ring and the detector 
coils can vary between 0.005 and 0.05 in. without changing the 
recorder reading of '/, mil a visible amount. 

In regard to the value of a noise record, it should be pointed out 
that noise tests on a large loaded steam turbine have shown that 
the noise spectrum is practically continuous from 60 to 5000 cycles 
per sec. That is, substantially every frequency is present at 
about the same relative intensity. Thus, it is questionable if 
any clear picture could be obtained with an oscilloscope. This, 
of course, does not hold when starting the turbine, that is, at low 
speeds and unloaded conditions. 


Superposed-Turbine Regulation 
Problem’ 


C. Richarp SoperserG.? The problem of control of steam 
turbines embodies practically all aspects of the theory of vibra- 
tions. The phases of greatest practical importance relate to 
the question of stability of systems with many degrees of freedom. 

e phenomenon of self-excited vibrations, which has been the 
subject of much study in other fields in recent years, constitutes 
one of the inherently patural properties of the systems en- 


‘Published as paper FSP-58-8, by A. F. Schwendner and A. A. 
Luoma, in the November, 1936, issue of the A.S.M.E. Transactions. 
Manager, turbine engineering department, Westinghouse 
y opeglh & Manufacturing Company, South Philadelphia, Pa. Mem. 


countered in the control problem and represents merely one 
form of instability. 

While the authors do not present anything new in the way of 
fundamental approach, it is of significance in introducing the 
subject to the Applied Mechanics Division of the Society, and 
the writer wishes to express the earnest hope that it will lead to 
further contributions on the subject. 

The form of hydraulic control to which the paper is applied 
is a comparatively recent modification of an older system which 
is now in operation on a very large number of turbines covering 
a wide range of capacities. The principal improvement consists 
in the introduction of the hydraulic transformer, whereby rela- 
tively weak impulses are stepped up without the usual handi- 
caps of troublesome time lags. The inherent flexibility of this 
transformer system constitutes a real advance in the art, par- 
ticularly when it is applied to more complicated installations of 
automatic extraction turbines. The quantitative analysis of 
this device, which is presented in this paper, has enabled us to 
avoid many of the pitfalls so common in development work of 
this nature, and represents a very real proof (if any be needed) 
of the value of applied science in mechanical engineering. 

The particular problems encountered in the control of super- 
posed turbine applications have more than ordinary significance 
at the present time. The superposed turbines now under con- 
struction embody several departures from more conventional 
turbine practice, all of which have served to accentuate the im- 
portance of the governing system. The inlet steam conditions 
are very high, most of the units being constructed for a pressure 
of 1200 lb per sq in. and a temperature of 900 F. The steam flows 
are enormous, reaching up to the order of 1,500,000 lb per hr. 
Most of the units are designed for operation at 3600 rpm, so 
that the inertia of the rotating system is inordinately small. 
As a result of these circumstances, the characteristics of these 
units introduce an entirely new order of regulation problems. 
This can be seen most clearly in the rate of acceleration at the 
moment of a sudden elimination of the load with the control 
valves wide open. Most of the turbines now in existence will 
accelerate at the rate of 100 to 200 rpm per sec under these cir- 
cumstances, and most of our conceptions of the requirements of 
control systems have been formulated against this background 
of experience. The largest unit now under construction by the 
Westinghouse Electric & Manufacturing Company will accelerate 
at the rate of 765 rpm per sec. This means that an overspeed 
of 10 per cent will be reached in less than 1 sec, and if the over- 
speed protection fails to function a major disaster may be pre- 
cipitated in a few seconds. The characteristics of the rotating 
system in units of this type are not unlike those of the projectiles 
in modern ordnance. 

With these facts in mind, the authors have a perfect right to 
dare anyone to classify the mathematics, complicated as it 
happens to be, as of merely academic interest. 


T. C. Ratusone.* The problem of regulation and stability in 
governing of superposed turbines in normal operation is ably 
treated in this paper. An additional control problem on high- 
speed high-capacity topper units meriting further consideration 
is that of confining the speed jumps on sudden loss of full load 
to within reasonable limits. 

Mr. Soderberg in his discussion* calls attention to one of the 
inberent characteristics of the superposed turbine, that is, the 
combination of large steam flow and small rotational inertia, 
and advises that initial accelerations of more than 700 rpm per 
sec are to be anticipated on sudden loss of full load with some of 


3 Chief Engineer, turbine division, Fidelity & Casualty Company 
of New York, New York, N. Y. 
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the new designs. This compares with 100 to 150 rpm per sec 
on existing large condensing units. 

These figures are somewhat startling. Some years ago the 
large-turbine manufactures were called on to provide governing 
equipment which would permit dumping full load suddenly 
without letting the speed rise reach the emergency-stop setting 
of 10 per cent. This was accomplished, with a small margin to 
spare, by improvements in the speed-responsive governor con- 
trol relays. One case, however, apparently required an antici- 
pator device to close the valves more quickly, because of a 
greater volume of trapped steam beyond the valves. 

Under these newer and more drastic conditions, the question 
naturally arises as to whether or not the speed-responsive gover- 
nor can function quickly enough to prevent excessive speed 
rise in the event of sudden loss of full load, and how much more 
dependence must be placed on the second line of defense, the 
emergency-stop governor and throttle valve. 

Judging from the results of tests carried out by the Fidelity 
& Casualty Company by means of recording apparatus specially 
developed to determine both the accurate tripout speed and the 
time lag between the tripout and the closing of the throttle 
valve, there is some cause for concern. We are finding a number 
of cases of time lags reaching 2 sec. The average time lag appears 
to be about 0.7 sec. Two of the leading manufacturers limit the 
lag to 1 sec, and attempt to reduce it to 0.5 sec. 

With an initial acceleration of 720 rpm per sec, 10 per cent 
overspeed is reached in 0.5 sec. On these new units with smaller 
Wr?, the energy of the trapped steam will be even more effective 
in sending the speed higher after the valves are closed. Thus, 
allowing a time lag of 1 sec, it would appear that if the governing 
valves fail or are sluggish in function, the best that the average 
emergency-governor system can be expected to do is to let the 
overspeed reach values of between 30 and 35 per cent. In the 
past, none of the large-capacity units were tested in the shops 
to more than 20 per cent overspeed. It looks as though the same 
reliance cannot be placed on the overspeed trip as formerly, as a 
second line of defense. 

On the rather elaborate load-dumping tests carried out some 
years ago by the Westinghouse Electric & Manufacturing Com- 
pany in the development of control mechanism, the writer re- 
calls that on the various fractional load dumps, the correspond- 
ing initial accelerations furnished a fairly accurate index of the 
maximum speed reached. In other words, the maximum speed 
to be reached later could be anticipated at the very instant the 
load was dumped. It was proposed at the time to take advantage 
of this fact by means of an inertia governor which would be 
responsive to acceleration rather than to speed. This governor 
would therefore anticipate the speed jump and function to close 
the valves before the regular governing system would be called 
on to act, if the acceleration exceeded some predetermined 
amount. Improvements in the standard governing system at 
the time made this additional apparatus unnecessary. 

In view of the new conditions to be encountered, and from 
the standpoint of the insurance carriers, it seems pertinent to 
inquire whether some such anticipatory device might not be 
appropriate now, and also what is to be done to secure the same 
emergency-stop protection which has prevailed up to now. 


Rona. B. Smirx.‘ The problem of synchronizing instability 
in a turbogenerator set generally arises from one of two sources: 
An inherent instability, resulting from an improper relation be- 
tween the time constants of the governing system, the rotating 
masses and the damping; or a forced instability brought on by 
friction in the operating mechanism or peculiarities in the valve 


‘Turbine engineering department, Westinghouse Electric & 
Manufacturing Company, South Philadelphia, Pa. Jun. A.S.M.E. 


characteristics. In the turbine field, until the present time at 
least, the instability problems have been mainly of the forced 
variety, but, with the advent of the lightweight high-capacity 
topping turbines the inherent instability problems which the 
authors discuss are coming to the fore. 

There is a rather interesting rearrangement of the right side 
of the authors’ Equation [9a] that seems justified in view of its 
clarity. Providing the slope differences between gx; and ¢» in 
the valve characteristic, as shown in Fig. 2 of the paper, are not 
too large, and the regulation is approximately linear, the torque 
constant 7’ may be written 


where 6 = the regulation of the governor, or the ratio of the 
change between no load and full-load speed, and the full-load 
speed = (wy, — «o)/wo; wo = full-load speed radians per sec; 
wp = acceleration of the turbine generator on dumping full load, 
radians per sec per sec. 
Under these conditions the authors’ stability criterion becomes 
1 1 wo 


1 

T, 


Thus, the closer the regulation 6, or the higher the accelerating 
rate, which is particularly the problem in superposed designs, 
the more difficult the inherent stability problem. 

Consider a design in which the steam-chest volume is reduced 
to negligible proportions (7, = 0). This is always attempted in 
order to limit overspeeding on load dumps, and in industrial-type 
machines is generally realized. Under these conditions stability 
exists if 


A fast-operating transformer is the only necessity; in fact, if 
the transformer were removed (7, = 0), and the mechanism 
worked properly, the system would always be stable. In so far as 
inherent stability is concerned a reasonable conclusion is that 
the operating mechanism is insignificant; for overspeeding quite 
the contrary, a fast-operating mechanism is important. 


8S. D. Mirrrerr.’ The authors should be congratulated on an 
exhaustive quantitative analysis of time lags occurring within 
as well as outside an installation of steam-turbine speed governor. 
Time lags within the governor itself may be termed as residual 
inasmuch as evidently all possible efforts have been taken to re- 
duce them to a minimum by a skillful application of practical 
expedients peculiar to the art. 

The basic characteristic of the governor is F = k,P, where F 
is the distance traversed by the throttle valve, P is the magnitude 
of speed change, and k;, is a constant of sensitivity adjustment. 
Knowing the time-lag constants of installation, an optimum 
value of k, could be readly calculated from equations of the paper. 

It would be interesting to know the actual magnitude of the 
time-lag constants of a typical installation. For instance, if the 
constant of time lag outside the governor is, say, three or more 
times as great as the combined time-lag constant of the governor 
itself, then the lag outside the governor will be a controlling 
factor in limiting the value of k,; optimum, and no improvement 
in the governor will appreciably increase k, unless the terms 
k,(dP/dT) and k;(d?P/dT?) are first added to the basic charac- 
teristic of the governor. 


5’ Y.M.C.A., Petersburg, Va. 
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It would be interesting also, if authors could give the comparison 
between the calculated k, optimum, and that obtained in practice. 
This point is important not only as a check on the equations, but 
also as an evidence that no time lag has been overlooked by the 
authors in setting up their equations. 

The writer has in mind particularly the influence of inertia 
of steam in the supply line, which may be considerable with a 
lagging long line and modern superpressures, and also the in- 
fluence of changes in the nozzle and bucket-wall temperatures 
as affecting steam conditions inside the turbine. He thinks that 
a slightly premature opening of nozzle admission valves has 
been adapted in order to minimize the “‘valleys”’ in relay-position— 
steam-flow plot occurring at transition points. A perfectly 
straight-line relationship can be obtained without loss of turbine 
economy by installation of a cam-type motion instead of present 
lever motion between relay operating piston and relay pilot- 
valve restoring spring. Such a cam will have to have irregular 
cavities corresponding to and compensating the above-mentioned 
valleys. 


Ep 8S. Smirn, Jr. The authors have presented, in admirably 
compact form, an analysis of turbine regulation under particular 
conditions that broadly follows the method used by the writer 
in an analysis’ of typical industrial regulators. This method 
involves the setting up of the differential equation for the regu- 
lated system, and obtaining the stability of the system from the 
equation’s solution. This reference’ is included as of value in 
tying together references in related fields. 


Avtuors’ CLOSURE 


The authors wish to thank Mr. Soderberg for his helpful com- 
ments on their paper. 

Mr. Rathbone’s discussion emphasizes the principal difference 
in initial accelerations of the superposed and large straight-con- 
densing turbines and its effect on the shaft speed rise when load 
is suddenly lost. 

Mr. Smith’s stability criterion shows more clearly that the ini- 
tial acceleration of the turbine shaft is part of the governor sta- 
bility problem. Governors designed with the required charac- 
teristics will have sufficiently low time-lag constants to limit the 
maximum shaft speeds within normal values. 

Turbine design specifications call for the governors to limit the 
maximum shaft-speed rise to that below the autostop speed 
when full load is dumped. Most of the present superposed tur- 
bines have a calculated maximum speed rise of 8 to 9 per cent 
when full load is dumped. Only on units with large steam flows 
will it be more difficult to maintain the speed within these limits. 
For these cases an electric anticipating device is used. The 
anticipator will close the governing valves immediately if load is 
dropped at a faster rate than that for which the anticipator has 
been set. This instrument has been tested and is in successful 
operation on a few installations. Even without the anticipator 
and assuming a somewhat sluggish governor, the governing valves 
will be partly or almost closed by the time the autostop speed is 
reached. The steam flow by that time is sufficiently throttled 
to keep the maximum shaft speed well under 20 per cent even 
under this adverse condition. The throttle valves furnished for 
superposed turbines have a closing time of less than one second 
between the tripping of the auto stop and the closing of the 
throttle valve. As an additional safeguard, the tripping of the 
autostop also closes the governor valves instantly, a practice 


‘Hydraulic Engineer, C. J. Tagliabue Manufacturing Company, 
Brooklyn, Mem. A.8.M.E. 
Automatic Regulators, Their Theory and Applications,” by Ed 


. oo, Jr., Trans. A.S.M.E., vol. 58, May, 1936, paper PRO-58-4, 
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the Westinghouse Company followed for a good many years on 
all large turbine governing valves. These precautions, with the 
volume of entrapped steam beyond the governing valves 
reduced to a possible minimum in comparison with the long steam 
lines between the governor valves and turbine on the old condens- 
ing units, will bring the superposed turbine to an equal if not bet- 
ter position than the old condensing units, as far as overspeed pro- 
tection is concerned. 

The authors are indebted to R. B. Smith for his suggested clari- 
fication and simplification of the torque constant 7, and the 
stability criterion. The authors do not agree with him about the 
possibility of reducing the steam-chest volume to such an extent 
that it can be completely neglected. His final stability criterion 
would mean that all governors so far built or conceived, as long 
as they are not burdened with a transformer, would be stable 
under all conditions as long as there is no steam-chest lag, a 
conclusion we are sure Mr. Smith does not intend to imply. The 
transformer was introduced to obtain an operating response to 
very small speed changes. This characteristic was described in 
a previous article.® 

Mr. Mitereff is quite right in his assertion that in cases where 
the time lag outside the governor is three or more times greater 
than the combined time lag of the governor itself, a new charac- 
teristic has to be added to the governor to make the governing 
system stable. However, the effects of an acceleration element 
added to the velocity element in control problems represented by 
a turbogenerator is probably not as beneficial as Mr. Mitereff 
stresses. This can be shown by considering a case of a flyball 
governor with a turbine. With simplifying assumptions, the mo- 
tion of such a system can be represented by two equations 


dz 
d 


Where m = equivalent mass of the governor, c = damping con- 
stant, k = governor-spring constant, z = displacement of gov- 
ernor sleeve from neutral position, K, = increase of force on the 
governor sleeve due to speed increase of w rad/sec, J = WR?*/g of 
turbogenerator, and K, = change of torque due to change of 
governor position. 


If this system is to be stable, we must have 


The addition of acceleration element will make (again with some 
simplifying assumptions) Equation [la] 
d*z dx dw 
mar + Kz = Kw + [la] 
The stability criterion for the system represented by Equations 
{la] and [2] is 


Which inequality is satisfied easier, Equation [3] or [3a], depends 
largely on the practical consideration of the problem. 

So far, with the present design as used on existing units, we did 
not find it necessary to use the characteristic mentioned by Mr. 
Mitereff. There are, however, instances as in the case of a sud- 
den loss or of sudden surges in load when “higher-derivative”’ 


8 “Controlling 1,500,000 Lb of Steam per Hour,” by A. F. 
Schwendner, Power Plant Engineering, vol.40, April, 1936, pp. 218-220, 
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control devices are highly desirable. We are not able to 
give the comparison between the calculated K, optimum 
and that obtained in practice at the present time. Mr. Mitereff 
assumes from our valve-characteristic curve, Fig. 2, that each 
following valve has to be opened prematurely, to be able to ob- 
tain such small deviations from the mean line. There is very 
little pressure drop allowed across any of the governing valves 
before the next valve is opened. The diffuser seat valves have 
the characteristics shown on the curve without resorting to a cam- 
type motion. 

The authors welcome the suggestions and criticisms from the 
discussers and hope that the work done will encourage others 
to further contributions on the subject. Mr. Ed 8S. Smith, 
Jr., and his discussers in the February, 1937, issue of the A.S.M.E, 
Transactions, on ‘Automatic Regulators, Their Theory and Ap- 
plication,” covered a related field quite thoroughly with a definite 
tendency to bring the regulating problem to a common ground by 
all concerned. 


The Creep Curve and Stability of 
Steels at Constant Stress and 
Temperature’ 


C. RicHarp SopERBERG.?. The wealth of data upon which the 
author’s conclusions have been based gives the above paper par- 
ticular significance. Equation [1] of the paper appears well- 
established as a representative pattern for the variation in time 
of the plastic deformation in long-time creep tests at constant 
stress. Test series extending over 5 years is a new phenomenon 
in engineering science, and the author’s firm is to be congratulated 
on its outstanding contribution in this particular direction. 

The premise of a common time pattern for the creep curves of a 
given material forms the basic assumption of a companion paper? 
by the writer in which the subject is discussed from the point of 
view of design applications. In the latter paper*® the assumption 
is also made that the creep curves at different stresses for the 
same material are geometrically similar. It is naturally of con- 
siderable interest to examine whether the data contained in the 
paper under discussion support this conclusion. 

The data given in Tables 1 and 4 of the paper can be repre- 
sented quite well by the equation « = ST, where S is a function of 
stress alone, and 7 is a function of time alone. Table 2 does not 
contain enough data for a satisfactory comparison. Table 3 
gives rather large discrepancies for the highest stress where the 
calculated plastic strain is less than the actual. This isa common 
occurence which is undoubtedly caused, in part at least, by the 
reduction of area of the specimen. A plastic deformation of 
18.4 X 10~* (Table 3, 7 = 15,000, t = 5450) represents a reduc- 
tion of area (increase of stress) of 1.84 percent. This will cause 
about 9.2 per cent increase in the creep rate for this material, 
which accounts at least for a part of the discrepancy. 

On the whole, the agreement obtained by the author is closer 
than that obtained by the writer, except for the material in Table 4 
of the paper, which from the point of view of the writer’s method 
is not an “abnormal” material. It is possible to conclude, how- 
ever, that the equation « = ST is not an unreasonable simpli- 
fication, particularly in view of the fact that it represents a neces- 
sary assumption in order to reduce the problems to manageable 


1 Published as paper RP-58-16, by S. H. Weaver, in the November, 
1936, issue of the A.S.M.E. Transactions. 

? Manager, turbine engineering department, Westinghouse Elec- 
tric & Manufacturing Company, Philadelphia, Pa. Mem. A.S.M.E. 

3“‘The Interpretation of Creep Tests for Machine Design,” by 
C. Richard Soderberg, Trans. A.S.M.E., vol. 58, November, 1936, 
paper RP-58-15, pp. 733-743. 


form. In the present state of the art, no solution of two- or 
three-dimensional problems can be expected, unless the phe- 
nomena at different points of the body can be assigned a com- 
mon time variable. 

When we come to the question of a physical interpretation of 
the expressions involved, the two papers! differ considerably. 
The author’s arguments concerning metallurgical instability do 
not appear unreasonable, but the question is if all materials do 
not undergo a structural change, whether this change is clearly 
exhibited by microstructure or not. The answer to this question 
must depend on the quantitative definition of strain hardening. 
It is unfortunate that throughout our engineering literature this 
term has been left so vague that it can be made to mean any 
change from an ideal pattern of the flow. 

With our present understanding of the phenomena of plastic 
flow in solids, it is natural to regard the viscous flow as a phe- 
nomenon in which there is no strain hardening and no structural 
change with time, these two influences being the only known 
causes of departure from the ideal viscous flow. The curvature 
of the strain-time function, defined by Andrade as plastic flow, is 
thus to be regarded as the combined influence of these two phe- 
nomena. If a quantitative evaluation is required, the second 
derivative (€) could be used; a negative sign denoting hardening 
and a positive sign softening. While not absolutely self-evident, 
it would be natural to suppose that this change of curvature is 
independent of the stress. The strain hardening must be some 
function of the plastic strain, however, and this fact should afford 
a means of at least a qualitative distinction between the two 
phenomena. On this basis the curvature due to strain hardening 
should increase with the strain, so that the curves for large 
strains and high stress ought to exhibit a more marked departure 
from the straight line than those for small strains and lower 
stress. It is a well-known observation from typical creep curves 
that this is definitely not the case. The writer has been led to 
believe from this reasoning that the phenomenon of strain harden- 
ing is insignificant in its effect as compared to the effects of struc- 
tural changes. In this respect the fundamental outlook presented 
in the two papers!’ appears quite different. 

If strain hardening is to be given a prominent place in the quan- 
titative evaluation of the departure from the ideal form of viscous 
flow, it must be on the basis that a compensating structural 
change is assumed to depend on strain or stress, in addition to 
temperature and time, but this is merely logical subterfuge. 

For the sake of logic it would seem desirable to use the terms, 
strain hardening and structural change, in the following sense: 

Strain hardening: A change of the coefficient of viscosity 
demonstrated to be a function of strain only. 

Structural change: A change of the coefficient of viscosity 
demonstrated to be a function of temperature and time only. 

It is earnestly hoped that this important question be given 
further study in the future by metallurgists. 


AUTHOR’s CLOSURE 


The four sets of creep tests to represent four principal types 
of instability in steels are presented in the paper as Tables | to 
4 inclusive. These tests ran for various periods from 5000 hr 
and longer the first set of four items has just completed its sixth 
year. Due to the size of the test curves they could not be pre 
sented in curve form for general distribution. Four 8 X 10-in. 
specially prepared photographic copies are filed in the archives 
of the A.S.M.E. and also in the Engineering Societies Library in 
unpublished papers for 1937 in order to facilitate photostatic re- 
production. Complete results have also been filed with the Sub- 
committee on Data of the A.S.M.E.-A.S.T.M. Joint Research 
Committee on the Effect of Temperature on the Properties of 
Metals, 
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TABLE 1 CREEP RATES IN 1077 IN. re IN. OR PERCENTAGES 


PER 100,000 H 
Test item Vi000 V Final Duration, hr 
281 0.87 0.33 45,000 
282 0.62 0.23 45,000 
283 0.50 0.125 45,000 
284 0.38 0.08 45,000 
607 78.5 54.5 5,000 
608 17.9 6.3 7,500 
611 7.8 2.9 14,000 
610 3.8 1.3 14,000 
612 1.5 0.35 14,000 
289 34.2 28.2 5,500 
290 12.2 7.6 5,500 
291 3.4 i 5,500 
292 Bian 0.52 5,500 
297 ‘ 10.00 750 
298 10.5 0.78 10,000 
299 7.8 0.67 10,000 
300 4.4 0.30 10,000 


During the meeting, R. S. Brown requested the tested creep 
rate at the 1000-hr period for comparison with the rate at the 
end of each test. In Table 1 of this discussion are given these 
creep rates in 10~? in. per in. per hr or percentages per 100,000 
hr. An examination of this table is instructive as to the change 
of rate between the end of the 1000-hr period and the end of 
the test. 

J. J. Kanter pointed out the author’s inconsistency in the data 
for item 298 in Table 4 in the text. The calculated data given 
are for test points at 200, 400, and 700 hours with creeps of 2.26, 
2.83, and 3.43 mils, respectively. This curve wou!d pass through 
1000 hr at 3.92 instead of 3.80 as given. The reason for using 
the 200, 400, and 700 hr in this case only, instead of the usual 
200, 500, and 1000 hr, will be evident from the semilog plot of 
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the constant-stress curves given in Fig. 1 of this discussion. 
Item 297 is added for the fourth test item in the one furnace. 
On a semilog plot the constant-stress curves for a stable steel 
should have an increasing curvature and slope with the time 
4s shown by the dashed lines marked “expected.” Due to the 
great’ structural changes in this particular steel during the creep 


TABLE 2. EXTENSION-TIME POINTS FROM FIG. 1 WHERE 
CURVATURE IN CREEP-TIME CURVES STOPS 


Item Stress Creep Hours 
297 15,000 6.50 430 
298 12,500 3.43 700 
299 10,000 2.08 1000 
300 7,500 1.21 1250 


test, the curvatures cease to increase where the dashed curves 
leave the solid-line test curves. This occurs at the extension- 
time points listed in Table 2 of this discussion. Comparative 
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creep constants should be derived for time shorter than that 
given in this table. For this reason the author used the special 
procedure for item 298 in Table 4 of the paper, then forgot to 
make a notation to that effect. 

Fig. 9 of the paper also shows the advantage of the semilog 
plot for detecting unstable steels in creep. On a linear-scale 
plot, the curve variation from that for a stable steel is not easily 
observed. 

The calculated creep curve for the additional item 297 is 


e = 18.1 X 10~%t + 3.555 XK 10~‘log ¢ —3.64 X 10-3; & = 10.6. 


F. B. Foley stated that the ferritic banding in the rolled steel 
of Table 2 of the paper would be greatly strengthened and the 
banding ‘‘masked’”’ by a quench-and-temper heat-treatment, 
then asked if the ‘masked’? banding would be permanent or 
stable in long-time creep. By giving the annealed steel men- 
tioned in Table 2 of the paper the proper heat-treatment for 
grain size and sorbitic structure, the banding is masked and the 
creep strength can be made to approach the high value of the 
steel in Table 1 of the paper. In this condition the steel is af- 
fected only by carbide spheroidization. The curves of Fig. 3 of 
the paper indicate that over 100 years at 842 F (450 C) is re- 
quired to increase the constant creep rate to ten times the origi- 
nal value. This length of time is far longer than the useful life 
of any machine. 

Mr. Soderberg’s general equation for creep extension to equal 
a function of stress alone multiplied by a function of time alone 
is not invalidated when the equation did not apply to the very 
long-time creep tests given by the author. These tests were es- 
pecially selected to illustrate four types of instability of steels 
during creep. They should not be used to check the accuracy 
of theoretical formulas as they are examples of the condition of 
metals which should be avoided in commercial use. This re- 
mark does not apply to the tests in Table 1 of the paper which 
agreed with Mr. Soderberg’s equation. This test upon an un- 
usually strong steel illustrated the effect of spheroidization of 
the carbides which could only be detected after two years of creep 
by measurements to the millionth of an inch per inch and in the 
sixth year of test the total creeps are 6 to 9 per cent greater than 
computed with the author’s equation from the data obtained in 
the first 1009 hr. 

There is no correction made in the tests of Table 3 of the paper 
for the stress increase due to the reduced sectional area resulting 
from creep extension. This test with Fig. 5 of the paper rep- 
resents the effects of dendrites in steel castings when insufficiently 
heat-treated for good creep condition of cast steel. This steel 
is continuously strengthening over that indicated by the first 
1000 hr of creep test and an area-stress correction would give.a 
still greater change in the steel. The change within such a mixed 
structure cannot be easily reduced to a simple mathematical 
formula. The author is interested only in establishing the in- 
stability of dendritic cast steel when the dendrites are not suffi- 
ciently broken up by heat-treatment. 

The definitions for strain hardening and for structural change 
in metals cannot, at the present time, be stated in simple mathe- 
matical terms, but must be descriptive of the multiple physical 
phenomenon involved in the plastic deformation of metals. 
The slow creep of steels over very long periods of time at ele- 
vated temperature has given additional weight to the time and tem- 
perature functions. It has been recognized for some time that 
the Ludwig formula for strain hardening does not extend over a 
broad enough field; therefore, we must be prepared to modify ex- 
perimental formulas derived from yield-point plastic tests. 

The metallurgist has advanced many theories for the harden- 
ing or strengthening of single crystals and polycrystalline metals. 
While the deformation characteristics of crystals or grains are 
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known, none of the hypotheses explain a quantitative theory for 
strengthening which fully accounts for both the plastic deforma- 
tion and the strengthening. Excellent reviews of the present 
situation were recently given by Hoyt‘ for the single crystal and 
by Goss® for X-ray investigation of recrystallization. 

The many able investigators mentioned in the foregoing refer- 
ences*® have not included in their theories long-time creep with 
the important influence of time and temperature. Creep in- 
vestigators have recently recorded the visible physical changes 
observed in metals during plastic flow. In lead at room tem- 
perature,® in iron and mild steel,’ and in alloy steels® at elevated 
temperatures there has been found: (a) Grain distortion with 
elongation in direction of flow; (b) an occasional grain rotating 
as though relieving a localized strain; (c) an increase in grain- 
boundary material; and (d) slip planes through the body of the 
grains, the planes being inclined 45 deg to the tension stress. 
The slip planes are apparently part of the strain-hardening proc- 
ess, as they were observed in short-time tensile tests and in the 
first stage of a creep test, only to disappear when the creep be- 
came a minimum rate or constant rate and to reappear in the 
third-stage flow toward failure. Another characteristic (e) 
should be added where X-ray analysis gives the evidence (see 
paper by Goss,® pp. 981 and 1019). When plastically deformed 
steel is heated below the recrystallization temperature the X-ray 
diffraction lines become sharper due to a rearrangement of “frag- 
mented” particles within the “blocks” between the parallel slip 
planes contained within the metallic grains. The result is a 
healing effect decreasing the hardness and strength. 

Items (a), (b), and (c) can be the result of item (d), the slip 
planes being accumulated within the grains of metal and as- 
sociated with the strain-hardening or strengthening gained by 
plastic distortion. Simultaneously, in the creep of steels at 


elevated temperature, the temperature is active in the healing 


or weakening of the fragmented parts of the grain. The creep 
of metals can be described as the result of two opposing effects. 
The creep extension is a strain-hardening or strengthening ac- 
tion while the elevated temperature produces an annealing or 
weakening phenomenon. When the rate of hardening from 
strain is equal to the rate of softening from anneal there results 
the constant-rate creep for a constant stress. This view of the 
effective strain-hardening would place the creep deformation 
as a function of stress, temperature, and time. For constant 
stress and temperature, the total creep due to strain hardening 
would be a time function only. The author assumed for this 
later condition that the instantaneous creep rate varied inversely 
with time and developed the creep formula in the Appendix of 
his paper. 

Structural changes in metals vary in dimensions from the 
atomic-space lattice on up through the microscopic range to the 
large visible mixed grains of alloyed metals. Changes in the 
structure are usually accompanied by a permanent deformation 
which is a function of temperature, time, and even stress which 
can assist in the atomic movements. The author used the term 


‘“*Metallic Single Crystals and Plastic Deformation,’’ by S. L. 
Hoyt, Trans. A.S.M., vol. 24, No. 4, December, 1936, pp. 789-830. 

5 “Hot Working, Cold Working and Recrystallization Structure,” 
by N. P. Goss, Trans. A.S.M., vol. 24, No. 4, December, 1936, pp. 
967-1020, particularly pp. 981 and 1012. 

6 “The Creep and Fracture of Lead and Lead Alloys,” by H. F. 
Moore, B. B. Betty, and C. W. Dollins, Bulletin No. 272, February, 
1935, Engineering Experiment Station, University of Illinois, Urbana, 
Ill. 

7 “Investigation of the Behavior of Metals Under Deformation at 
High Temperatures,”” by C. H. M. Jenkins and G. A. Mellor, Journal 
of the Iron and Steel Institute, vol. 35, No. 2, Sept. 18, 1935, pp. 179-236. 

8 “Influence of Time on Creep of Steels,’ by A. E. White, C. L. 
Clark, and R. L. Wilson, Proceedings of the American Society for 
Testing Materials, vol. 35, part 2, 1935, pp. 167-192. 


“structural change” for any permanent change in the microstruc- 
ture or structural formations of alloyed metals that is visible in the 
usual metallurgical microscope, and these structural changes, 
comparing the before-and-after creep test metal, furnished one of 
the means for classification of steels into stable or unstable con- 
dition for creep. The long-time tests with banding in rolled 
steel and with dendrites in cast steel were on materials with non- 
homogeneous structures where the large patterns formed by 
metals with different properties gave a mechanical effect which 
assisted in the erratic plastic distortions. Visible proof of 
structural change in these steels is difficult to obtain. The creep 
characteristics differ so widely from a steel of uniform struc- 
ture that there was no hesitancy in classifying them as unstable. 

The author would like to emphasize the utility of his creep 
formula in detecting steels which are unstable during creep. 
The check is really based on the fact that the tested creep curve 
on an unstable steel does not follow the formula. In routine 
calculations with the constant-stress tests the elongation-time 
curve is plotted on semilog paper and the formula applied to 
the points for 200, 500, and 1000 hr to determine the three con- 
stants in the equation. If b>(a/2) the steel always has proved 
unstable. This means that the calculated curve is projected 
from the 200-hr point toward the origin and that zero time 
(to>3) is missed by more than 3 hr. This makes a very sensi- 
tive stability indicator for creep of metals below the equicohe- 
sive temperature. 


Physical-Property Uniformity in 
Valve-Body Steel Castings' 


V.T. Matcotm.? This paper is valuable because it reduces to 
understandable figures things which have existed in the minds of 
metallurgists and foundrymen in a very intangible and hazy 
form. However, the authors should not be too enthusiastic at 
this time in suggesting the possibility of substituting test bars 
taken from castings for separately cast test bars. 

Steel foundry practice at its best is subject to variables which 
are, at the present time, somewhat beyond the foundryman’s 
control. These variables are caused by the size and shape of the 
castings so that different parts and different areas must of neces- 
sity have different effects. Such being the case, some areas in 
castings are bound to be more difficult to form, and anticipated 
structures or strengths will fail to materialize in these unfavorable 
areas. In the present state of the art, it would seem much safer 
to proceed with caution, particularly in regard to the design 
factor in steel castings, because it must be remembered that, in 
testing steel, the steel bar itself gives an indication only of the 
quality of the metal. 

Some years ago the writer, together with B. B. Wescott of the 
Gulf Refining Company, conducted an investigation over a period 
of several years on the subject under discussion, and later a 
summary of the investigation was published.? The complete 
report on this investigation is now being assembled and will be 
published in the near future. 

The investigation as carried out consisted of the manufacture 
of steel in both the acid and basic electric furnaces, heat-treat- 
ment, heading and gating of steel castings, sand control, pouring 
practice. Approximately 30,000 Ibs of steel were poured into 


1 Published as paper FSP-58-11, by A. E. White, C. L. Clark, and 
Sabin Crocker, in the November, 1936, issue of the A.S.M.E. Trans 
actions. 

2 Director of Research, The Chapman Valve Manufacturing Com- 
pany, Indian Orchard, Mass. 

3 “Specification for Chrome Tungsten Steel Castings,’ by B. B. 
Wescott, V. T. Malcolm, and H. Henderson, Refiner and Natural 
Gasoline Manufacturer, vol. 12, July, 1933, pp. 281-292. 
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special castings for this investigation. The castings were ex- 
amined by X-rays and gamma rays, and sections from the castings 
were subjected to macroscopic and microscopic tests. The 
physical properties were determined from tension tests, Charpy 
impact, Eden-Foster repeated impact, as well as compression and 
torsional tests. A number of the castings, some of which were 
heat-treated, were subjected to destruction tests. In making a 
destruction test the casting was placed on a solid steel base and 
a 3000-lb ball was dropped on it from various heights until 
failure occurred. The investigations brought out the fact that 
there are several very important things necessary in the manu- 
facture of steel valve castings. Among the most important the 
following may be listed: 


DesiGNn oF VALVE-Bopy Castincs, HEADERS, AND GATES 


It is necessary to design the casting in such a manner that thick 
and thin sections gradually merge without abruptness or sharp 
corners. It is also necessary to know the creep values of the 
metal entering into the valve body as well as the physical prop- 
erties of the metal of like section. Therefore, test bars were 
designed that could be attached to the casting, and were of such 
dimensions that the sectional area of the attached bar corre- 
sponded with the greatest sectional area of the casting to which it 
was attached. However, it is of the greatest importance to know 
the values of the body itself, because slight flaws are sufficient to 
reduce the ductility and, therefore, its serviceability. In order to 
guard against this condition it is necessary to be thoroughly 
familiar with the laws of fluid pressure and to design headers and 
gates properly. 

If castings are to be free from defects, and if it is to be de- 
termined whether or not the heading or gating has been correctly 
designed, it is necessary to conduct several tests, the most im- 
portant of which are the X ray or gamma ray and the macroscopic 
etch. 

In order to conduct these several tests, pilot castings must be 
made up before a new design is placed in production. These 
pilot castings must then be radiographed to determine whether or 
not the heads and gates will properly fulfill their function. 
Macroscopic tests are then made on pilot castings to determine 
segregates, if any, and crystal orientation. During the course of 
production, castings must be sent to the laboratory for radio- 
graphing and macroetching. Incidentally, the writer does not 
hesitate to accept specifications calling for these tests. Standard 
sets of radiographs and macrographs were developed in the 
investigation® previously referred to in order to determine the 
suitability of castings for the service intended, which includes 
service pressures and temperatures up to 1500 lb per sq in., and 
1100 F, respectively. 

Metallurgical control means control over materials entering 
into the composition of the steel, melting practice, teeming, sand 
conditioning, cores, heat-treating. In order to produce sound steel 
valve castings it is necessary that this control be exercised to the 
highest degree. 


HeaAtT-TREATING— METALLOGRAPHIC TESTS 


Proper control with regard to heat treating is important, be- 
cause otherwise satisfactory castings may be often rendered unfit 
for service by improper heat-treatment. It is therefore necessary 
to have properly designed furnaces, proper location of thermo- 
couples and finally a heating and cooling cycle carefully deter- 
mined for the type of steel and design of castings being treated. 

The importance of effective heat-treating has been pointed out. 
The examination of the metallographic structure affords the most 
teliable means for evaluating results of the heat-treating opera- 
tions, and may be so carried out as to place it in the class of non- 
destructive tests. The writer has found that the best way to 
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make a metallographic examination is to remove a small section 
from a portion of the heaviest part of the casting in such a way 
as not to affect its usefulness. This test is believed by the 
writer to be a very reliable indication of the quality of the casting 
itself. 

As a result of the investigation® previously referred to, the 
writer has concluded that the most satisfactory way of evaluating 
castings for high-pressure high-temperature service is by (1) 
properly designing test bars to determine the quality of the 
metal, (2) the use of radiographs and macrographs of pilot cast- 
ings to determine soundness, (3) metallographic examination of 
sections taken from castings to determine efficiency of heat- 
treating, and (4) proper metallurgical control in the manufacture 
of the castings. 

In closing this discussion, the writer wishes to state it is daily 
becoming plainer to those connected with the manufacture and 
application of castings for high-pressure high-temperature service 
that the present standard casting specifications are inadequate, 
and that if beneficial use is to be made of the data on the proper- 
ties of metals at elevated temperatures, which are being assembled 
with such a high degree of precision, it will be necessary to use 
more rigid methods of inspection. These inspection methods can 
be made wholly practicable only by the closest cooperation 
between producers and users of castings. Thousands of castings 
are giving satisfactory service today, but failures from other than 
normal causes are of sufficient frequency as to point out the neces- 
sity for greater uniformity of quality. 

Excellent alloys are available which are particularly suited for 
high-temperature high-pressure operation, either because of their 
unusual high creep strength or corrosion resistance, or both. 
However, if these alloys are to have any economic value they 
must assure a normal service life. Such assurance can only be 
had by the knowledge that the castings are integrally sound and 
properly heat-treated. 

Therefore, no precaution is too great where it is possible that a 
single failure may cause loss of life and enormous property dam- 
age. Such jeopardy places a very high premium upon (1) actual 
knowledge of the property of metals that enter into the manufac- 
ture of castings and (2) the assurance of dependable quality of the 
castings themselves. Therefore, it is essential that the capabili- 
ties and the limitations of the castings be actually known so that 
safety of operation can be adequately assured. 


R. A. Buti.‘ There are several phases of this paper which 
prompt a steel foundryman to form more or less definite im- 
pressions. The contribution is illuminating in respect to the 
physical properties found in the various portions of steel castings 
designed for use in any installation similar to that at the Conners 
Creek power plant. 

The writer believes the paper supplies a very useful addition to 
the rather sparse existing data relative to the characteristics in all 
portions of valve castings. Occasionally this problem is of serious 
consequence to designers; particularly as they become more im- 
pressed by the fact that a conventional test coupon made in the 
regular way in the steel foundry cannot correctly be regarded as 
a criterion for the physical properties existing throughout all 
members of the commercial castings supposed to be represented. 
The coupon usually is and should be formed under conditions that 
closely approach the ideal from a practical metallurgical stand- 
point. This means that adequate provision should be made for 
amply feeding the coupon to compensate for the natural contrac- 
tion of the stee] as it cools in the sand mold. Furthermore, the 
coupon ordinarily is and should be formed under conditions that 
will offer safeguards against the entrapment of gases developed 
when the liquid steel comes in contact with the mold. 


‘ Consultant on steel castings, Chicago, IIl. 
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Occasionally there are objections raised by some individuals 
who do not perhaps appreciate all the circumstances; leading to 
the argument that the specimens from all test coupons used as a 
basis for acceptance should be formed under conditions identical 
with those applicable to the commercial castings. Theoretically 
the argument may seem logical. But in so far as physical proper- 
ties are concerned, the ordinary steel casting must be regarded 
as a composite of a number of members, each of which may 
have rather widely differing physical characteristics as the sole 
result of its design, and the opportunity thereby created for a 
good or bad degree of feeding to counteract the effect of shrinkage. 

Since there are many members and portions of them which are 
necessarily affected by their opportunity to obtain metal from 
risers or sink-heads, it seems necessary to use a type of coupon for 
rejection purposes which is capable of standardization. That 
means a@ coupon made under all conditions which lend themselves 
best to uniformity. Unless we employ something that can be 
standardized, conclusions regarding the characteristics of the 
metal used for making the castings will be deceptive. 

The coupon, made under conditions metallurgically ideal from 
a steelmaker’s standpoint, has irrefutable arguments in its favor. 
But it is manifestly important that engineers, given certain 
responsibilities in connection with power and other plants, have 
supplementary means for ascertaining the probable behavior of 
the entire assemblage under consideration (such as a complete 
pipe line). Here the engineer may be fully justified in ascertain- 
ing the properties in all units employed. In making an effort to 
do this, he must appreciate the fact (obviously realized by the 
authors of the paper) that one cannot expect the characteristics 
in the conventionally made coupon to be similar to those obtained 
from specimens cut from any portion of every typical steel casting. 
The degree to which desirable properties may exist in the latter, 
as compared with the properties in the coupon formed under idea! 
conditions, gives the engineer a satisfactory indication of the 
probable serviceability of the installation. 

The authors have thrown much needed light on what may be 
looked for in portions of steel castings of the particular types 
used in the Conners Creek power plant. Without discussing in 
detail the interesting comparisons drawn after comprehensive 
testing, it may be remarked that, on the whole, the steel-casting 
companies concerned did a very good job. And those who are 
associated with the steel-casting industry doubtless would agree 
with the writer that the authors have drawn very fair conclusions 
regarding the tests made on the products of the four foundries. 
The conclusions indicate an appreciation of the enormous in- 
fluence of design on the properties in steel castings. 

The writer is prompted to mention the fact that the design of 
the castings tested by the authors lent itself rather favorably to 
the development of satisfactory properties. This is because there 
is what might be termed almost a minimum of permissible in- 
equalities in thickness, considering the intended application of the 
castings. Probably most mechanical engineers realize, as the 
result of information emphasized by steel foundrymen and con- 
firmed by others, that radical inequalities of thickness represent 
an inherently defective condition in the steel casting. Further- 
more, the efforts ingeniously made by experienced foundrymen to 
overcome the handicap of poor design are but partially successful 
in most cases. This is because of the high degree of contraction 
that is characteristic of steel, and because of the mass effect that 
develops conditions (as the result of slow cooling) which cause the 
thick section to have structural conditions frequently differing 
greatly from those found in a thin member of the same casting. 
It is a mistake to assume that all such differences in structure can 
be eliminated by heat-treatment. And of course the resistance 


to mechanical stress is greatly influenced by the granular struc- 
ture. 
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In contrast with the design of the castings used for testing by 
the authors, the typical steel valve castings having a very heavy 
flange and an abruptly adjoining thin body wall is a very inferior 
composite of connected members. It is utterly unreasonable to 
expect that under the most expert conditions of foundry practice 
that can prevail, one may obtain identical physical properties in 
the thin body wall, in that connecting portion which joins the 
latter to the very heavy flange, and in the thick flange itself. The 
necessity for liberally feeding the heavy flange sometimes induces 
very great cooling stresses at the junction of the thin and thick 
portions; all to the ultimate disadvantage of the casting’s resist- 
ance to mechanical stress, if great stress is to be exerted at the 
critical points. 

It would appear that the growing practice of using welding 
fabrication for constructing pipe lines where components are 
made of cast steel has certain important advantages with respect 
to the better application of sound principles of design, in so far as 
the steel foundry is concerned. In the Conners Creek power plant 
the typical thick flanges with which we are all familiar were not 
required. It would seem that the welding arc was here employed 
to the inherent advantage of the steel casting’s resistance to 
stress. The writer has long believed, incidentally, that welding 
engineers and steel founders have a common ground for close 
cooperation, and that there is no logical reason for them to com- 
pete with each other in any spirit of unfriendliness. 

Perhaps the only significant point in this discussion lies in an 
argument for better consideration by power-plant engineers and 
others to the vital influence of design on properties that can be 
developed in the steel casting. The nearer the approach to uni- 
formity in cross-sectional dimensions which can be obtained while 
meeting assemblage requirements, the better will be the character- 
istics of the steel casting employed. 


H. W. Maack.® The authors of this paper are to be compli- 
mented on their excellent presentation of the results of a thorough 
examination from the standpoint of the mechanical properties of 
castings of a steel now favored by engineers for pipe-line applica- 
tions in steam power plants. 

Study of the Charpy impact values of specimens from the four 
castings shows a quite wide range in the order of impact value for 
the different castings investigated, as well as in specimens from 
different parts of the same casting. The latter differences are 
probably due to differences in density or soundness in various 
parts of the valve-body castings. Specimens from casting A 
having the greatest density also had the highest impact value in 
the majority of cases. 

The difference between the results on separately cast and in- 
tegrally cast coupon tests are not accounted for so readily. A 
study of the microstructure of some of the test specimens with 
widely different results might account for the high and low irapact 
values. The writer would like to ask the authors whether or not 
they made any such study. Besides density, the effectiveness of 
the heat-treatment in refining the grain is probably an influence. 

With reference to the figures illustrating the macrostructure of 
the sections from different parts of the castings, inasmuch 48 
methods for macroetching have not been standardized, it would 
add to the completeness of the paper if the details of the macro- 
etching procedure were given. Concentration of the etching acid 
used, temperature of the acid and number of minutes immersion 
should be given. Most likely these detailed conditions were alike 
in all cases so that the illustrations aré comparable in this respect. 

Macrographs of etched sections from another valve-body cast- 
ing of carbon-molybdenum cast steel are reproduced in Figs. 1 and 
2 of this discussion representing, respectively, cope and 
sections from the bonnet flange and welding end of a 10-in. body. 

* Chief Chemist and Metallurgist, Crane Company, Chicago, Ml. 
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These were etched for 45 min in a 50-50 muriatic-acid—water 
Except that the temperature is somewhat 
higher, these conditions are in accord with the recommendations 
in the 19386 handbook of the American Society for Metals. 
Comparison of these macrographs with those of the paper show 
the former to be illustrative of a casting of soundness equal to the 
better sections shown by the authors. Such degree of freedom 


MAcROGRAPH OF CopgE SECTION OF CARBON-MOLYBDENUM 
Cast-STEEL VALVE Bopy 


Fig. 1 


Fic. 2. MacroGrapH or Drag or CARBON-MoLYBDENUM 
Cast-STEEL VALVE Bopy 


from imperfections is probably all that can reasonably be ex- 
pected of castings of this size and design. 

The dendrites shown on the macrographs in Figs. 1 and 2 of this 
discussion indicate the manner of crystallization of the steel. 
This is influenced by pouring temperature, still or disturbed 
freezing, freedom from dissolved gases, and other conditions. 
Regardless of these influences and effects, the overall soundness 
of the casting and mechanical properties of the steel in various 
locations are the ultimate criterion of service usefulness. Suit- 
able heat-treatment diffuses the carbides from the dendritic 
Segregate, resulting in a uniform fine-grained microstructure 


which is largely responsible for the excellence of the mechanical 
properties. 

In addition to the quite satisfactory degree of uniformity in 
physical properties from specimens in different parts of the valve- 
body castings examined, the data probably speak well for the 
general quality characteristics of carbon-molybdenum cast steel. 
Other low-alloyed steels might not give as favorable results, be- 
sides not being as satisfactory from the standpoint of welding 
qualities. 


J. Roy TANNeR.® The scope of the investigation made by the 
authors of this paper and the thoroughness and impartiality with 
which it has been conducted deserve great credit. The con- 
clusions reached should be welcome information to those engi- 
neers who, through modern steam pressure-temperature trends, 
are being forced to accept responsibility for the successful per- 
formance of such equipment to be subjected to service more severe 
than any compassed by personal experience or observation. 

It may be of interest to comment briefly on the fact that three 
out of the four castings coming from independent makers and of 
design differing in some details were quite uniform and practically 
acceptable under the specifications and to suggest an explanation 
of this close agreement in results. 

Steel valves and fittings have been in the process of evolution 
since the turn of the century. They were at first made from 
existing patterns designed for iron castings and poured from the 
same ladle as the rest of the product of the jobbing steel foundry. 
Under such conditions the casualties on the test bench were 
appalling but in an industry whose product is repetitive such a 
condition can be, and, if the makers are to live, must be corrected. 
Any of the faults illustrated by the macrographs in the paper, if 
present to any degree, will inevitably produce leaks on test, thus 
adding greatly to production costs. Consequently self-interest, 
if nothing else, compels their reduction to a minimum. 

Two features inherent in valve design have been of great help 
in locating the causes of unsound castings. Drilling the heavy 
flange sections at frequent intervals for bolt holes unfailingly un- 
covers piping due to shrinkage, and the machining operations 
necessary to seat the body castings are pretty sure to reveal 
defects in that unavoidably heavy locality. The detection of 
such faults has been a great help to the foundryman in improved 
feeding and gating which, together with the determination of 
proper pouring temperature, has greatly reduced failures on test; 
thus substantiating two of the authors’ suggestions for improved 
product. The third, namely, proper heat-treatment, must be 
perfected along with sound metal if desired physical properties 
are to be attained. 


AvutuHor’s CLOSURE 


In commenting on Mr. Malcolm’s discussion, the authors 
wish to disclaim the intention of advocating as routine test pro- 
cedure the substitution of sections cut from actual castings in 
lieu of conventional test bars. The latter afford a reasonably 
satisfactory indication of what may be expected from proper cast- 
ing conditions and represent an ideal which may be approached 
through proper design and good foundry procedure. The 
dissection of an occasional valve body for check tests or for 
verifying the merit or lack of merit of some new technique is a 
different matter, however, which the authors commend as well 
worth-while. 

In view of the reasonable agreement between the properties 
of test bars and actual valve bodies as demonstrated in the paper, 
it is somewhat questionable if the use of the special test bar 
described by Mr. Malcolm possesses any special virtue. 


6 President, Pittsburgh Valve Foundry & Construction Company, 
Pittsburgh, Pa. Mem. A.S.M.E. 
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While the authors are heartily in accord with the practice of 
sectioning pilot castings in order to locate and correct regions 
of excessive porosity and to check the metal structure, they 
question the advisability of cutting out sections from regular 
production castings for macroetching. It is doubtful if this 
would be necessary as an inspection requirement where adequate 
control of heat-treatment and casting procedure has been de- 
veloped. 

Mr. Bull’s comments on the desirability of using a standard- 
ized coupon, cast under ideal conditions, as a check on the char- 
acteristics of the metal proper, are quite apropos. As a matter 
of fact, the investigation was made to determine in what way 
coupons from different sections of the valve-body casting differ 
from these standard test coupons. The welding-end valve- 
body castings, while eliminating the heavy end flanges, still re- 
tain heavy bonnet flanges. Consequently, variations in thick- 
ness of adjoining members still exist in such castings. Future 
developments may permit the use of more uniform sections and 
bring about the condition implied by Mr. Bull as existing with 
present welding-end valves. But the heavy bonnet flanges now 
employed do not permit this ideal condition to be realized. 

The authors have not attempted to correlate differences in 
impact values with the microstructure of the various impact 
specimens as suggested by Mr. Maack. 

The details of the conditions of macroetching requested by 
Mr. Maack are as follows. All the specimens were etched at 
160 F for approximately 1 hr in a solution consisting of one part 
of commercial hydrochloric acid to one part of water. These 
conditions compare with the procedure reported for the macro- 
graphs submitted by Mr. Maack of etching at 190 F for 45 min. 
in the same solution. The macrographs of sections from an 
additional valve-body casting submitted by Mr. Maack furnish 
confirmatory evidence of the general soundness of carbon-molyb- 
denum valve-body castings. 

The author’s wish to thank Mr. Tanner for his considered 
comments on the evolution of steel castings and the importance 
of securing sound sections throughout, all of which tends to 
support their own views in the matter. 


The Contact-Mixture Analogy Ap- 
plied to Heat Transfer With Mix- 
tures of Air and Water Vapor’ 


A. A. Marxson.? While some of the physical ideas advanced 
in the author’s paper would form the basis for several informal 
discussions, the body of the paper seems to form a highly useful 
statistical method of attack on the problems mentioned in the 
paper. Agreeing with the author’s statement that he has formu- 
lated a useful analogy, the writer would like to see how the 
method is applied to the cooling-tower problem and how this 
compares with the cooling-potential method. 


AvuTHOR’s CLOSURE 


Replying to Mr. Markson’s discussion, the formula for the 
contact-mixture gives identical results with the cooling-potential 
method first formulated, it is believed, by Coffey and which the 
author judges is the method to which Mr. Markson refers. The 
cooling-potential method is, in itself, an analogy correlating the 
relationship of latent and sensible heat cooling. It is obviously 
not as generally applied to all problems as the contact-mixture 
method. It is also more remote from the true physical phenom- 


1 Published as paper PRO-50-2, by W. H. Carrier, in the January, 
1937, issue of the A.S.M.E. Transactions. 
2 Assistant Research Engineer, New York Steam Corporation, 


New York, N. Y. Jun. A.S.M.E. 


ena involved. The perfect agreement of the two methods, as 
far as results are concerned, however, may be checked either by 
psychrometric theory or by actual calculation of a specific prob- 
lem. 

The contact-mixture theory, however, takes into account an 
additional factor that the cooling-potential method does not, and 
that is the factor of air velocity. The cooling-potential method 
considers a comparison only of like velocities. 

There may be some advantage in the contact-mixture method 
in the simplicity in calculation, especially where the psychro- 
metric chart is employed. The contact factor, or the bypass 
factor, must be determined experimentally from a given form of 
cooling tower. It can, however, be approximated theoretically 
if the design of the tower is known. The observed performance 
will be found somewhat better than the theoretical, due to the 
fact that the coefficient of diffusion of vapor in the surface film 
is greater than the coefficient of the diffusion of air, as pointed out 
in the original paper, although for engineering calculations they 
can generally be assumed to be approximately the same. 


A Review of Existing Psvchrometric 
Data in Relation to Practical Engi- 
neering Problems’ 


Davip Dropkin.? This is a subject of great interest to en- 
gineers at the present time and Mr. Carrier is to be congratu- 
lated upon the research, both experimental and analytical, which 
he has conducted over a long period of time, relating to air and 
water vapor mixtures. Some of these relations are not too well 
understood at the present time. 

This paper, however, raises some important points which are 
at least open to question. It must be remembered that in deal- 
ing with the difference between the wet-bulb temperature and 
the true temperature of adiabatic saturation we are often dealing 
with small fractions of a degree Fahrenheit and that therefore 
the utmost care must be exercised to get truly representative 
readings. Before undertaking the experiments reported in 
Bulletin No. 23 of the Cornell University Engineering Experi- 
ment Station,* referred to in the paper and from a modification 
of which one of the curves of the authors’ Fig. 1 was drawn, a 
set of thermometers made to special specifications to fit this 
particular purpose were purchased and every care was exercised 
to obtain accuracy. An investigation was also made to deter- 
mine the effects of different methods of applying the cloth cover- 
ing to the wet-bulb thermometers. It was found that if the usual 
practice of covering only the bulb was followed, the resulting ob- 
served temperatures were too high due to conduction along the 
stem of the thermometer. A comparison of thermometers % 
covered with those having not only the bulb, but 8 in. of the stem 
covered and wet, showed that the readings of the thermometers 
with only the bulbs covered were 1.35 per cent of the wet-bulb 
depression higher than those having the more complete covering. 
This error is very large as compared with the 0.5 per cent corret- 
tion, suggested by the authors, to apply to psychrometric observa 
tions. Using the first example given in the paper in which the 
actual wet-bulb temperature is 69.9 F, the velocity is 1200 fpm 
and the dry-bulb temperature is 90 F, the probable correctiod 


1 Published as paper PRO-59-1, by W. H. Carrier and C. 0. 
Mackey, in the January, 1937, issue of the A.S.M.E. Transactions. 

2 Member of the research staff in mechanical engineering, Cornel! 
University, Ithaca, N. Y. 

°““The Deviation of the Actual Wet-Bulb Temperature From the 
Temperature of Adiabatic Saturation,” by D. Dropkin, Engineeriné 
Experiment Station, Bulletin No. 23, July, 1936, Cornell University, 
Ithaca, N. Y. 
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when, adding the 0.5 per cent as the authors suggest, would be: 
20(0.005) — 20(0.0135) = — 0.17 F. This gives 69.90 — 0.17 
= 69.73 F as the adiabatic saturation temperature as compared 
with 70 F given in the example. 

There also seems to be some confusion as to what air velocity 
the authors consider necessary in order that the wet-bulb obser- 
vations will be identical with the temperature of adiabatic satura- 
tion. In the early part of the paper this velocity is located some 
place between 800 and 900 fpm, while in Appendix 2 it is given 
as between 500 and 600 fpm. There appears to be no evidence 
here that the value of slightly above 1000 fpm as stated in the 
previously mentioned Bulletin,’ and substantiated by the modi- 
fied Arnold theory, is not correct. 

When a continuous duct having varying diameters is used 
to find the effect of velocity on the readings of the wet-bulb, 
and thermometers are placed along the duct in series, there is 
danger, unless the air is completely saturated, that the specific 
humidity will actually be slightly increased as it passes each 
thermometer. The upstream thermometer will give the true 
reading corresponding to the velocity; the downstream ther- 
mometer will give the reading corresponding to the initial air- 
vapor mixture plus the vapor absorbed from the preceding 
wet-bulb thermometer, and of course its corresponding velocity. 

If the duct is well insulated, the vapor from the upstream 
wet-bulb thermometer causes a partial adiabatic saturation of 
the air flowing by it. This phenomenon is evidenced by the 
fact that the dry-bulb temperature at the downstream station 
is lower than that at the upstream station. Data from such an 
experimental setup yield a curve the slope of which is less than 
it should be. The following example makes the above state- 
ment clearer. 

Suppose that the upstream velocities are lower than the down- 
stream velocities, and suppose that the upstream wet-bulb 
thermometer should read 70 F and the downstream thermometer 
should read 69.95 F. It is known from the previously mentioned 
Bulletin,? that the actual wet-bulb temperature is lower than 
the temperature of adiabatic saturation at velocities above 
1000 fpm. Therefore, were it not for the partial adiabatic 
saturation, the downstream wet-bulb thermometer should read 
lower than 69.95 F. Let us assume that this thermometer 
would read 69.90 F. Then, using these data for plotting a 
curve similar to the curve in Fig. 1 of the paper, we would have 
the increment as shown by the experimental data to be 70.00 
— 69.95 = 0.05 F, while the correct increment should be 70.00 
— 69.99 = 0.10 F. It is obvious that the first increment yields 
a curve with less slope than does the second. 

In the Carrier-Lindsay experiments‘ this type of continuous 
duct with varying diameters was used and it is evident that 
they experienced this decrease in dry-bulb temperature after 
passing each station. The data given in Table 2 of this paper‘ 
show that in five out of the six sets of readings the observed dry- 
bulb temperatures at the downstream station were lower than 
those at the upstream station. Fig. 14 of this paper‘ shows the 
method which was used for finding the relation of wet-bulb tem- 
perature reading to air velocity. This method of arriving at 
results is subject to the error pointed out previously in this dis- 
cussion, and it is reasonable to conclude that the curve in Fig. 1 
of the paper! marked “Carrier-Lindsay Formula Test Results 
1924” is lower than it should be at air velocities below 2000 fpm. 


CLOSURE 


There are two points raised in Mr. Dropkin’s discussion. 
First, there is undoubtedly an effect upon the reading of a wet- 
bulb thermometer due to the method of applying the wick to the 


’ “The Temperature of Evaporation of Water into Air,” by W. H. 
arrier and D. C, Lindsay, Trans. A.8.M.E., vol. 46, 1924, p. 739. 


bulb. Only the bulb of the wet-bulb thermometer of the usual 
sling psychrometer is covered, while the bulb and part of the 
stem were covered in the Dropkin experiments; for a given air 
velocity and state of the mixture, the wet-bulb thermometer of 
the sling psychrometer will read a slightly greater temperature 
than that obtained by Dropkin. This effect, alone, tends 
slightly to raise the authors’ curves of Fig. 1 when they are ap- 
plied to a sling psychrometer. 

Mr. Dropkin’s second point concerning the procedure followed 
in the Carrier-Lindsay experiments is not so well taken, however. 
Here he has assumed data which do not correspond to the tests. 
The point raised concerns the effect of the evaporation of water 
from a wet-bulb thermometer upon the reading of another wet- 
bulb thermometer placed downstream. In the tests to which Mr. 
Dropkin refers, wet- and dry-bulb thermometers were placed at 
two points of different cross-sectional area in the same air stream 
for the purpose of investigating the effect of air velocity upon the 
reading of the wet-bulb thermometer. In the run to which 
Dropkin specifically refers, the air velocity at the first section was 
14.3 fpm, at the second section, 917 fpm, and the weight of dry 
air passing through the duct 210 lb per hr. The average wet- 
bulb temperature at the first station was 45.0 F and at the 
second station, 43.4 F; the decrease in wet-bulb temperature be- 
tween the two stations was 1.6 F. The average dry-bulb tem- 
peratures at the two stations were 54.7 F and 54.5 F, respectively. 
From the heat balance of the wet-bulb thermometer, the weight 
of water evaporated, from the first wick, may be estimated, for, 
with symbols used in the paper 


h 
Mr’ = (: + A, 
hy 


_ 1.406 (1.95) (9.7) 
1068.4 


or M 


= 0.025 lb per hr per sq ft. 


If the thermometer bulb and stem were covered for about 6 in. 
which was much more than that used in the test, the wet surface 
would be about 0.033 sq ft, so the weight of water vapor added to 
the air stream from this thermometer would be about 0.000825 
lb per hr. This would cause an increase in specific humidity of 
the air of about 0.0275 gr per lb. This addition of water vapor 
occurs under substantially adiabatic conditions and represents 
a case of partial adiabatic saturation. The consequent decrease 
in dry-bulb temperature may be readily calculated as about 0.02 
F. In other words, the calculated decrease in dry-bulb tempera- 
ture at the second station, due to evaporation of water from the 
wet-bulb at the first, is 0.02 F. For the velocity that exists at 
the second station, the wet-bulb temperature is about 0.5 per 
cent of the wet-bulb depression lower than the temperature of 
adiabatic saturation. For a constant temperature of adiabatic 
saturation, then, the effect upon the reading of the wet-bulb ther- 
mometer, due to a change in dry-bulb temperature, may be ex- 
pressed simply as 


= — 0.00503 At 


A decrease in dry-bulb temperature at the second station of 0.02 F 
will cause an increase in the wet-bulb temperature of about 
0.0001 F. The observed decrease in wet-bulb temperature be- 
tween the two stations is 1.6 F. Failure to consider the effect of 
evaporation from the first bulb upon the reading of the second 
wet-bulb thermometer introduces an error of about 0.006 per 
cent. Most engineers would consider this an insignificant error. 


The authors, therefore, see no reason for changing the curve of 


Att = — 2.005 
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Fig. 1 which was based, in part, upon the Carrier-Lindsay experi- 
ments. 

Regarding the air velocity at which the wet-bulb temperature 
is the same as the temperature of adiabatic saturation for mix- 
tures of water vapor and air, the authors believe the experimental 
data to be insufficient at the present time to fix this, precisely. 
Rather than fixing this velocity at 1000 fpm, exactly, they would 
prefer to suggest that it is somewhere between 300 and 1000 
fpm. At an air velocity of 750 fpm, Dropkin’s tests give the 
difference between the wet-bulb temperature and the temperature 
of adiabatic saturation, expressed as a per cent of the wet-bulb 
depression, as — 0.32, —0.14, +0.96, +1.12,and +1.59. If more 
weight be assigned to the lower readings, for the reason that there 
may well be incomplete wetting at the highest depressions, Drop- 
kin’s data will prove this point. 


Tests of a 50,000-Sq Ft Surface Con- 
denser at Widely Varying Tem- 
peratures, Velocities of Inlet 


Water, and Loads’ 


GeorceE C. Eaton.? The author has chosen to neglect through- 
out his tests and calculations the effect of dirtiness of the conden- 
ser tubes on the resistance of the tube wall to heat flow between 
the condensing steam and the circulating water because of the 
fact that during all the test runs the circulating water was treated 
with chlorine. At the Edgar Station of the Edison Electric 
Illuminating Company of Boston, it was found during experimen- 
tal work with chlorination that condenser performance was 
adversely affected by mud or silt deposits on the bottom inside 
surface of the tubes, even though all traces of slime were absent. 
The author was indeed fortunate if, due to chlorination, it was 
not necessary to clean the tubes of his condenser at intervals 
throughout his test period, even though the time spacing of such 
cleanings was several times greater with chlorination than with- 
out it. 

Three years ago the writer prepared a set of curves similar to 
those shown in Fig. 16 of the paper from over-all heat-transfer 
coefficients expected by the condenser manufacturer during 
commercial operation of the apparatus. These curves are used 
to compare actual condenser performance and serve to determine 
the proper cleaning intervals. The writer’s curves are for a con- 
stant inlet-water temperature and show the relation between the 
condensing steam temperature (plotted as ordinates) and con- 
denser steam flow (plotted as abscissas). The curves were of 
course based on the previously mentioned over-all heat-transfer 
coefficients and a constant flow of circulating water, to which 
flow the circulating-water pumps are adjusted prior to a routine 
test. Such curves as shown in Fig. 16 of the paper, or those 
described by the writer, appeals to the writer far more than ones 
involving the relation between the Reynolds number and the 
ratio of initial-temperature difference to internal heat loading 
suggested by the author in his conclusions to “establish the all- 
year-around performance of a condenser.” 

The author limits his paper to “the parts of the steam-air 
circuit outside the tube banks” and specifically states that 
“the hydraulic circuit is not treated.” The writer, together 
with Robert E. Dillon of the Edison Electric Illuminating Com- 
pany of Boston, and H. Peters of the Massachusetts Institute 


1 Published as paper FSP-58-10, by G. H. Van Hengel, in the 
November, 1936, issue of the A.S.M.E. Transactions. 

2 Head of the Mechanical Technical Engineering Division, Generat- 
ing Department, The Edison Electric Illuminating Company of 
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of Technology, has been studying the hydraulic circuit very 
intensively during the past year particularly as it affects the life 
of condenser tubes. The results of this study have recently been 
compiled in a paper, “The Prevention of Surface-Condenser- 
Tube Failures,” for presentation at the Semi-Annual Meeting of 
the Society held in May, 1937, in Detroit. 


R. A. Bowman.* The data and arguments presented by the 
author in support of the theory that the superheating of the 
condensate is caused by the inlet velocity of the steam going to 
the bottom of the condenser are quite conclusive. This theory 
seems to be the only reasonable one that has ever been advanced 
to explain this phenomenon, and it is gratifying to see that 
it has been corroborated quantitatively. It is interesting to note 
that, while the superheat amounts to 6 deg maximum at a cooling- 
water temperature of 33 F, for a water temperature of 62 F, which 
is probably close to the design point of the system, the superheat 
is a maximum of 1 deg and for water at 75 Fit is not more than 0.4 
deg. 

Most design and operating engineers are accustomed to evalu- 
ating the performance of a condenser in terms of a heat-transfer 
rate. Consequently, would not the use of heat-transfer rates 
by the author, in place of resistivity, have made the author's 
ideas a little easier to grasp by the reader? The use of resistivity 
has a very decided advantage in that the individual resistances 
can be added directly, but for the sake of a common language, 
the use of heat-transfer rates outweighs the advantage. By the 
same reasoning, it would seem preferable to base the transfer 
figures on the external tube surface rather than on the internal 
surface, since condensers are ordinarily rated in terms of ex- 
ternal surface and, again, that is the unit in which we are ac- 
customed to think. There is no fundamental difference between 
rates based on the inside surface and those based on the outside 
surface, since they are different only by a constant multiplier, 
the magnitude of which depends on the tube thickness and 
diameter. 

The use of dimensionless quantities, such as Reynolds’ number, 
in tabulating heat-transfer data is highly desirable and is, of 
course, quite sound theoretically. In those cases where results 
given by several different fluids are to be correlated, the use of 
dimensionless factors is imperative. In the case of the surface 
condenser, when there is only one type of fluid to be considered 
inside the tubes, its use seems to complicate unduly the design 
and performance calculations. However, in the case at hand, 
there is some justification for its use since it permits correlating 
all the data in a single curve, so that general deductions can be 
made. As pointed out by the author, this is only permissible 
because of the fact that changing temperatures affect the Prandtl 
number only slightly. 

The use of the condensate temperature, in place of the satura- 
tion temperature corresponding to the pressure at the condenser 
neck, for calculating the mean temperature difference of the 
exchanger is rather difficult to justify. It seems to the writer 
that there can be only two valid reasons for changing from the 
present practice of using the saturation temperature at the con- 
denser neck. These are as follows: 

1 That the new figure would give a more nearly correct 
average temperature difference, so that the heat-transfer rates 
as figured would be more nearly the correct values. 

2 That the new figure would be more truly indicative of the 
back pressure against which the turbine is called upon to exhaust. 

The temperature of the condensate, as pointed out, will ordi- 
narily be somewhat higher than the temperature at the coD- 
denser neck, while the true pressure or temperature average 


* Design Engineer, Westinghouse Electric & Manufacturing 
Company, South Philadelphia, Pa. Jun. A.S.M.E. 
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throughout the tube bundle will very Jikely be lower than the 
temperature at the condenser neck, due to pressure drop through 
the tubes. Thus, it would seem that while the temperature dif- 
ference as at present calculated is beyond question in error, 
the use of the condensate temperature would also be in error and, 
if anything, the results would be even farther from the true state 
of affairs. Under this system, the apparent mean temperature 
difference would be even higher than at present, and the apparent 
heat-transfer rates would be lower, making the difference between 
apparent and actual heat-transfer rates on the individual tubes 
even larger. A comparison of Figs. 11 and 12 of the paper shows 
that the results obtained by using a conventional logarithmic 
mean temperature difference are more consistent than if con- 
densate temperature were substituted, and approach more 
closely the curves of Fig. 10, both in magnitude and direction. 

The purpose of a condenser is, naturally, to produce a partial 
vacuum into which a turbine exhausts. An accurate indicator 
of a condenser’s performance is, then, one which is affected only by 
the vacuum in question. The author points out that the con- 
densate temperature is affected, independently of the vacuum 
by the condenser design. Consequently its accuracy as an indi- 
cator of vacuum is open to question. After all, the primary 
purpose of a condenser is to produce high vacua at the turbine 
exhaust, not to deliver hot water from its condensate well. 
Consequently, based on the foregoing, the use of condensate tem- 
perature as an indicator of the condenser performance offers no 
advantages either as a basis for calculations or guarantees. 

While the use of a so-called inlet resistivity, as outlined in the 
second part of the author’s conclusion, gives rather good agiee- 
ment between the various test points attained on this condenser, 
as indicated in Fig. 17 of the paper, there is some probability 
that its use would be a cause of error in those cases where the 
temperature rise of the water is larger, as compared to the inlet- 
temperature difference. This condition would, of course, be 
obtained in condensers having two or more passes or having 
smaller and longer tubes. That this is true is indicated in Fig. 17 
of the paper by the fact that the short individual lines do not 
parallel the average curve. This system might prove satisfactory 
on any given condenser, but the writer would hesitate to use it as 
a general design curve. 


Kenneta F, Wicks.‘ This report covers more detailed data 
and theory concerning what actually happens inside of a surface 
condenser than any paper the writer has ever read. Many 
papers have presented excellent theoretical information or 
very good data from actual tests, but the close combination and 
interweaving of them have been lacking to a large extent. 

Since the Hudson Avenue Station has all of the condensers 
mounted in line with the turbogenerator axes rather than trans- 
verse to them, the information contained in this report will have 
to be modified before it can be compared directly. However, the 
conclusions as made in the report are quite general in character 
and applicable to any installation. Naturally the effect of the 
velocity and direction of the steam at the entrance to the con- 
denser would be quite different. 

The problem of obtaining suitable vacua readings for turbine 
performance, and also the total pressure head, in order to elimi- 
nate artificial readings of hotwell superheat has been quite 
thoroughly covered. It is quite apparent that there can be no 
actual superheating. In a well-designed, properly laned conden- 
ser, the hot-well-condensate temperature may be close enough to 
the true temperature under which heat transfer takes place, but 
4 similar figure for an unlaned condenser would be far from the 
truth. It is apparent, therefore, that for condenser performance 


‘Junior Engineer, station efficiency bureau, operating depart- 
ment, Brooklyn Edison Company, Inc., Brooklyn, N. Y. 
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the only true basis for computation is the actual total head of 
the steam entering the condenser. The problem then is one of 
obtaining a vacuum reading which will give the total pressure 
head. With this as a basis the computation should be nearer 
the truth. 

The writer has suggested the use of resistivity rather than heat 
transfer as a method of measuring condenser efficiency. While 
this method is not entirely new, the author has presented his 
data in a rather different form than has been used in the past, 
and has simplified the computation as far as possible without 
losing the fundamental basis upon which it is built. 

In short, while this report is extremely interesting in itself, 
it can only be of use as adapted to conditions for the particular 
installations to be studied. The true value, therefore, rests with 
the number of those in the industry who are sufficiently interested 
to apply it to their own peculiar problems. 

The possibility of maintaining copper-constantan thermo- 
couples within an accuracy of 0.1 F is worthy of comment. While 
calibrations may possibly be repeated within these limits, it 
would seem quite unlikely that under test conditions such a 
calibration could be relied upon. The usual limits of accuracy 
applied even to a noble thermocouple are broader than these. 

The possibility of exposure to a vacuum changing the calibra- 
tion of a mercury-in-glass thermometer seems quite remote also. 
Some further discussion of the reasons for this and proof that 
the thermometer and not the calibrating thermocouple was af- 
fected seems quite necessary. It seems highly improbable that 
either method of temperature measurement should be affected 
by such exposure. 


D. W. R. Morgan.’ The design of the condenser referred to 
by the author incorporates a well-known principle, that is, pro- 
viding a steam-filled zone through which the condensate must 
fall, thereby preventing undercooling of condensate without re- 
sorting to any complicated or restricted devices to produce the 
result. 

Referring to the superheating of condensate, the writer recalls 
that similar results were obtained on a 32,000-sq ft condenser, 
the extent of superheat amounting to 2.5 deg; in another instance 
of a 16,000-sq ft condenser, the superheated condensate amounted 
to 4.5 deg. However, condensers are used primarily for reducing 
the back pressure to a minimum at the turbine exhaust, and the 
efficiency of dissipating this heat from the turbine exhaust to 
the circulating water should not be depreciated for the sole pur- 
pose of increasing the condensate temperature. On the other 
hand, it is desirable to withdraw the condensate at the highest 
temperature practicable. The method proposed by the author 
introduces the possibility of overloading the cooling surface 
within close proximity of the air-cooler section. This is un- 
desirable, since it decreases the efficiency of the condenser. 

The value of increased condensate temperature should not be 
overestimated. For example, in an operating condition based 
on a pressure of 300 lb per sq in., a vacuum of 29 in. and a Rankine 
cycle efficiency of 80 per cent, 1 deg is worth 0.08 per cent in a 
straight-condensing turbine without bleeding of steam; 0.043 per 
cent when one stage of heating is employed, and 0.025 per cent 
if three-stage heating is used. 

The author suggests that the temperature of condensate be 
used, instead of the temperature corresponding to the pressure 
at the steam inlet of the condenser, for evaluating performance. 
It would be unfortunate if such a method were adopted because 
the condensate temperature is variable depending upon the load 
and pressure within the condenser as well as the temperature of 
the inlet water. For example, the author shows a 6-deg differ- 


5 Condenser Division Engineer, Westinghouse Electric & Manu- 
facturing Company, South Philadelphia, Pa. 
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ential with an inlet-water temperature of 33 F, a 1-deg difference 
with inlet-water temperature of 62 F, and a 4-deg difference 
with an inlet-water temperature of 75 F. 


Joun F. Grace.* The condenser which is the subject of the 
paper under discussion is the No. 13 unit at the Delray Station 
of the Detroit Edison Company. Referring to the values for 
test No. 65 given in Table 1 of the paper, it is noted that the 
static pressure at the neck of the condenser inlet corresponding 
to the temperature (items 27 and 28), averages 0.396 in. of mer- 
cury. The hotwell pressure as given by item 13 is 0.548 in. of 
mercury, which is 0.152 in. higher than the static pressure at the 
inlet. Item 66 shows a velocity head of 0.0453 in. at the steam 
inlet, thus indicating that the velocity head is 0.1067 in. higher 
than the total of the static and velocity pressure at the inlet 
neck, but not as high as the total at the twenty-first stage. 

In the next to the last paragraph on page 633, the author states: 
hie ae the total pressure of a flowing fluid never rises along the 
path of flow.”” This is correct when it refers to the entire mass, 
and it is possible that the apparent discrepancies shown in Fig. 5 
of the paper may be due to local exhaust-steam inlet-velocity 
heads which are higher than those indicated by the average 
velocity, as surmised by the author. It is also probable that the 
hot-well pressure recoveries of three times the inlet-neck velocity 
head, as reported by the author, is the attainment of an objective 
sought in this Detroit condenser. This objective was the accu- 
mulation of pressure upon the smaller mass in the hotwell by 
surrender of kinetic energy in the form of a multitude of rapid 
impacts from the somewhat turbulent flow of the larger mass 
which turns from the central steam inlet lane into the tube banks. 

From the Worthington (J. F. Grace*) specification filed 
November 19, 1936, U. S. Patent 1,855,231, the writer quotes: 
err: the present invention comprises a steam condenser of 
the surface type embodying a steam lane leading to the hotwell 
which lane is so shaped and proportioned that during the passage 
of steam therefrom, the velocity and kinetic energy of the steam 
will be converted into pressure and temperature or heat for 
raising the temperature of the condensate entering the hotwell 
by the transfer of said converted energy, as heat, to the con- 
densate.”’ 


AUTHOR’s CLOSURE 


Referring to Mr. Eaton’s remarks about neglecting the dirti- 
ness, the author intentionally made no corrections for dirtiness. 
This in itself is a wide field for investigation which is beyond the 
scope of this paper. The future will show that this correction for 
dirtiness includes also the phenomena of tube effectiveness. The 
author, however, claimed that the changes of dirtiness throughout 
the period of testing were negligible (see p. 634, second column, 
first paragraph). Without these corrections for changes in dirti- 
ness, it was far simpler to attain the objective of this paper, i.e., 
a single-line representation of an all-year-around performance. 

The assumption of negligible changes of dirtiness can be proved 
by Fig. 15 of the paper and also by some additional informa- 
tion from station operation records. In Fig. 15, substantially 
the same performance is shown for runs ten months apart which 
lie nearly in the same range of circulating-water inlet temperatures 
and Reynolds’numbers. Any appreciable change of dirtiness over 
the ten-month period of testing should have caused the perform- 
ance of the 33-F runs, which were made at the end of the test 
period in January, 1936, to be noticeably poorer than the per- 
formance of the 42-F runs, which were made at the beginning 
of the test period in March, 1935. Fig. 15 shows that the 33-F 
runs and the 42-F runs are practically overlapping. 


* Condenser Engineer, Worthington Pump & Machinery Corp., 
Harrison, N. J. Mem. A.S.M.E. 
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The most recent cleaning of the condenser before the start of 
the tests on March 26, 1935, had been done 10 months before, 
on June 2, 1934. The next cleaning took place on May 18, 1936, 
four months after the finish of the test; and this was done not 
because of increase in dirtiness, but as a routine operation during 
the overhauling of the main turbine. Between these cleanings, 
the condenser was in service 7038 hours, and on the basis of 
operating log data the improvement in back pressure due to the 
tube cleaning of May, 1936, was less than 0.01 in. Hg. 

Comparatively favorable conditions of circulating-water supply 
as well as chlorination contributed to the author’s good fortune 
in this respect; the usual unfavorable conditions of alluvial 
rivers, or of brackish or salt water with tidal flow, are not en- 
countered because the circulating water of the Delray Station is 
taken from the Detroit River. 

Fig. 17 of the paper gives in a single curve the all-year-around 
performance from test results. From this curve any line condi- 
tion as in Fig. 16 can be calculated, assuming a certain inlet-water 
temperature and any circulating-water quantity. Mr. Eaton, 
however, replaces Fig. 17 by the manufacturer’s data. As far 
as the author knows, the method of taking Fig. 16 for a rapid 
check of the performance of condensers has been commonly used 
for many years, 

The author’s recently published paper on the analysis and tests 
on hydraulic circuits of surface condensers’ is a supplement to 
this paper which was too lengthy to include the hydraulic 
circuit. 

In his second paragraph, Mr. Bowman says that the resistivity 
is not the logical thing to use. This may be true for those who in 
regular routine work use the over-all heat-transfer coefficient to 
calculate condenser performances, but for those who want to 
penetrate more deeply into the mysteries of a condenser, it is 
difficult to justify. For instance, plot on the curves of resistivity 
for the entire condenser versus Reynolds’ number, such as Figs. 11, 
13, and 15 of the paper, the resistivity of the single tube as found 
in Fig. 10, and we can visualize directly the effect of the so-called 
“dirtiness or cleanliness,’ because the difference between those 
resistivities shows the increase. This vision would be far more 
obscured if we should use the heat-transfer coefficient. 

As the author pointed out at the bottom of page 635 of the 
published paper, 70 per cent of the total resistance to heat trans- 
fer in condensers is at the inside of the tube, and the inside sur- 
face is more important than the outside surface. This holds true 
especially when comparing condensers with different tube sizes, 
since the ratio of external to internal surface changes with differ- 
ent tube sizes (outside diameters) and different thicknesses of 
tube wall. 

Because of the lack of data, the author’s paper did not depart 
from the old practice of choosing a measurement at a single 
location as a criterion on which to base the performance of the 
condenser, in spite of the inherent fallacies of the conventional 
procedure. Scientifically, this is of course not justifiable, and 
for a comparison of the resistivity of a condenser with the over-all 
thermal resistivity of a single tube, as shown in Fig. 10 of the 
paper, the author would suggest basing the resistivity not on 4 
single criterion, but on a weighted average of total pressure and 
heat loading. A properly weighted average of temperature and 
heat loading would take into account the temperature and avail- 
able surfaces at all main points in the condenser, and it is a func- 
tion of temperature and velocities available at the condenser neck, 
hotwell, air-cooler entrance, and air-cooler outlet. 

Before going into the details of the author’s choice of the con- 
densate temperature, instead of the saturation temperature cor- 

7™“Analysis and Tests on Hydraulic Circuits of Surface Con- 
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responding to the static pressure, for evaluation of the all-year- 
around condenser performance, the author wishes to make the 
following statements concerning the turbine and temperature 
readings inside the condenser. These statements will clarify the 
misconceptions of this point in both Mr. Bowman’s and Mr. 
Morgan’s discussion. 

The efficiency of a turbine depends on the actual work removed 
from the steam by the blades of that turbine. Since the exhaust 
losses (that is, the steam velocity energy from the last wheel of a 
turbine) are of no value for delivery of work to the turbine shaft, 
the total pressure at exhaust is the criterion by which to judge a 
turbine. A certain drop of total pressure takes place in the ex- 
haust hood owing to the 90-deg change in direction of flow. This 
total-pressure drop subtracted from the total pressure at the 
turbine wheel gives the total pressure at the condenser neck. 
Just as it is the total pressure and not the static pressure which 
is of value to the turbine, the total pressure at the condenser neck 
is the criterion by which to judge the condenser performance since 
the temperature equivalent of the steam velocity energy at the 
condenser neck is available to the condenser. At present, the 
standard practice for calculating the heat-transfer coefficient is 
to use the saturation tempersiure corresponding to the static 
pressure at the wall of the condenser neck. This choice is errone- 
ous because the impact on the tubes due to the steara velocity 
will raise the temperature of the steam around the tube.*:%° 

In a modern condenser, the static pressure will gradually in- 
crease from the condenser neck to the hotwell, due to diminishing 
velocity pressure. During a winter test on No. 3 main condenser 
at the Trenton Channel powerhouse" the author observed that 
the saturation temperature, corresponding to the static pressure 
at the top of the entrance to the air cooler, lay between the tem- 
perature of the steam, 10 in. in from the wall at the condenser 
neck, and the condensate temperature. This result was all the 
more unexpected because the pressure measurement was taken 
under the roof of the air cooler, which apparently would be more 
or less in a low-pressure region. The phenomenon of having a 
higher pressure in the hotwell only is therefore not true. 

On the basis of the foregoing information, it is logical to con- 
sider the saturation temperature corresponding to the total pres- 
sure at the condenser neck as the temperature from which the 
heat transfer should start. 

A representative value of the total pressure over the large area 
of the condenser neck was difficult to measure, and was not 
measured in the test discussed in the paper. 

If a measurement at only a single point were to be selected as a 
criterion on which to base the performance of a condenser, as 
was done to avoid the difficulties of the measurement just 
mentioned, the author preferred to take the condensate tem- 
perature rather than the condenser-neck wall pressure measure- 
ment because: (1) An accurate measurement of it is more 
easily obtained; and (2) it is more closely related to the total 
pressure to which the turbine efficiency should be referred. 

The last two paragraphs of Mr. Bowman’s discussion and the 
last paragraph of Mr. Morgan’s should therefore be conceived 
hot in the light of the static pressure as the fundamental criterion, 
but the total pressure as the fundamental criterion. 


*“Bestimmung von Wirmeibergangszahlen durch diffusionsver- 
suche,” by W. Lohrisch, F. orschungsarbeiten, vol. 322, 1929, pp. 61—64. 

*“The Mechanism of Heat Transmission: Distribution of Heat 
Flow About the Circumference of a Pipe in a Stream of Fluid,” I, 

y T. B. Drew and W. P. Ryan, Transactions, American Institute 

of Chemical Engineers, vol. 26, 1931, p. 141, fig. 19. 

‘°“The Temperature Field in an Air Current Flowing Across a 
Hot Cylinder,” by J. Small, Philosophical Magazine, Series 7, vol. 
19, 1935, p. 32, fig. 8. 

n “The Trenton Channel Station of the Detroit Edison Company,” 
Engineering, vol. 125, June 1, 1928, p. 670, fig. 113-116, inclusive. 
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In his last paragraph, Mr. Bowman is in agreement with the 
author’s assumption stated in the paper that this application 
does not hold for every condenser or for a high circulating-water 
temperature rise. In the second paragraph on page 638 of the 
published paper, the author mentions this; the sentence, however, 
could have been made clearer by adding a restriction which was 
erroneously omitted, viz., “Since the temperature rise of the 
cooling water is low in a single-pass condenser in comparison to 
the initial temperature difference, the mean heat loading of the 
whole condenser may be substituted for the heat loading at the 
cooling-water entrance in calculating the resistivity.” 

Answering Mr. Wicks as to the accuracy of the thermo- 
couples, it may be mentioned that in the field the same type-K 
potentiometer and all details of the setup were the same as 
used in the laboratory calibration test. Normal and reversed 
readings were taken. 

The checks in the field were made in two ways: (1) By com- 
paring the circulating inlet-water west thermocouple with a 
mercury thermometer; and (2) by comparing the hotwell-steam 
thermocouple with the saturation temperature corresponding to 
the pressure measurement of this steam made with the absolute- 
pressure oil gage. Fora fewof the most constantruns the hotwell 
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[For this comparison, the McLeod gage with its liquid air trap was connected 
directly to the high-pressure leg of the absolute-pressure oil gage by a short 
iece of rubber tubing. The entire system had been evacuated of air for 15 
r by leaving open the oil-gage by-pass clamp with the rotary oil pump 
(which was connected to the gage reference leg) operating, and also with the 
oil-gage condensation — operating. The readings were made after clos- 
ing the by-pass clamp of the oil gage, the pressure in the closed-off part of 
the system rising because of its disconnection from the evacuating system. 
The pressure rise from 0.000 in. Hg to 0.005 in. Hg covered a period of ais 
hr. Footnote (13) of the paper gives more detailed information on the a 
solute-pressure oil gage, and contains a bibliography with references to the 
McLeod gage and high-vacuum technique involved in the setup of the high- 
vacuum reference system of the absolute-pressure oil gage] 
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comparison was shown in Table 6 of the paper; an example of a 
few of the circulating inlet-water temperature comparisons was 
given for the same runs in Table 3 of the paper. 

The sensitivity and accuracy of the absolute-pressure oil gage 
filled with di-n-butyl phthalate is far superior to any type of 
mercury gage and is demonstrated by Fig. 1 of this discussion, 
which shows graphically the comparison of readings of one of 
the oil gages with a McLeod gage over the range of the latter, 
which was froim 0 to 130 microns Hg (0 to 0.00512 in. Hg). At 
the highest pressure reading of the McLeod gage, 128 microns 
Hg, the oil-gage reading was a differential of 0.17 em di-n-butyl 
phthalate at 79 F; so, at a pressure shown by the McLeod gage 
of 0.0050 in. Hg at 32 F, the oil-gage indicated a pressure of 
0.0051 in. Hg at 32 F. 

As to Mr. Wick’s doubts of the mercury-thermometer vacuum- 
exposure correction, such correction is to be expected since the 
mercury thermometer is based on the difference in expansion of 
the glass bulb and the mercury contained in it. The thermometer 
reading will be affected by any changes in externally-imposed pres- 
sures which affect the expansion of the bulb (see the A.S.M.E. 
Code on Instruments and Apparatus, Part 3—Temperature 
Measurement; Chapter 6—-Liquid-in-Glass Thermometers, para- 
graph 21—External Pressure Correction). 

In addition to the vacuum check tests mentioned in the last 
paragraph of the appendix of the paper, previous checks with a 
platinum-resistance thermometer had shown no vacuum effect on 
the readings of an exposed copper-constantan thermocouple. 
The platinum-resistance thermometer, the thermocouple, and 
some of the same mercury thermometers used in the later check 
mentioned in the author’s paper were compared when immersed 
in an evacuated insulated tank containing air. The thermocouple, 
a different one from the one used in the later checks, agreed with 
the platinum-resistance thermometer within 0.03 F. The vacuum 
correction for these thermometers, which have bulbs of Corning 
G-81 glass, agreed within 0.05 F with the correction established 
later on for the Delray No. 13 test. This is within the accuracy 
of the reading of the mercury thermometer. 

Answering Mr. Morgan on the matter of designing for con- 
densate superheating, the author wishes to state that it is simply 
a question of heating the condensate instead of the circulating 
water with steam velocity energy which the turbine cannot use. 
The thermodynamic saving, as Mr. Morgan points out, is not a 
large one, but is still worth-while, particularly as no extra in- 
vestment is required to obtain it. 

The answer to Mr. Morgan’s last paragraph has been given 
already in the reply to Mr. Bowman’s discussion, viz., that in 


case one adheres to a single criterion from which to judge a con- 
denser, the total pressure at the condenser neck should be taken 
as the initial temperature for any condenser. In a condenser 
which shows reheating of the condensate, the condensate tem- 
perature comes the closest to the total pressure, and is therefore 
suggested for use. 

In answer to Mr. Grace, the author wishes to state that the 
principle of using the exhaust-steam velocity to raise the pressure 
in the hotwell by providing a steam lane from the condenser neck 
to the hotwell is a very old one. However, the higher pressure 
in the lower part of the condenser is useful only if the condensate 
is afforded the opportunity to reheat. 

The distribution of the steam velocity at the condenser neck 
will depend on the passage between the turbine-blade exhaust 
and the condenser, but the steam lane should probably be located 
where the highest velocities occur at the condenser neck. 

All condensers such as those with the tube bundle placed ec- 
centric toward the head end of the turbine, radical-flow conden- 
sers and two-lobe condensers will give the steam an opportunity 
to enter the hotwell. 

The author applied this principle of using the exhaust-steam 
velocity when in 1930 he changed some condensers for his com- 
pany, among which was No. 4 main condenser in Conners Creek 
powerhouse."? The great undercooling of the condensate prior 
to the 1930 change was practically done away with. The test 
results, though not of the precision of the author’s tests since 
1933, when the oil manometers were first used, showed a pressure 
rise from condenser neck to hot well of seven times the condenser- 
neck velocity head calculated on a basis of uniform flow over 
that area. The author made radical changes of a similar nature 
on three condensers in Trenton Channel in the summer of 1931. 
Tests made in 1934, of precision comparable with the Delray No. 
13 tests discussed in the paper, showed that the pressure rise was 
three times the mean velocity head at the condenser neck. This 
result is practically the same as that for the Delray No. 13 Con- 
denser shown in Fig. 5 of the paper. 

Whether the steam lane should be placed in the center or on the 
side will in such a case depend on the steam flow in the passage 
between turbine-blade exhaust and condenser. This flow will 
therefore depend on such things as (1) the area of the last wheel; 
(2) how far the turbine-barrel casing extends into the turbine- 
exhaust hood; (3) the shape and length of the connection between 
turbine and condenser; and (4) the layout of the tube bundle in 
the condenser. 


12 Edison Electric Institute Publication B3, June, 1934, p. 3, Figs. 
1 and 2. 
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Operating Experiences in the Steam and 
Power Department of the South’s First 


In this paper is given a simplified diagrammatic outline 
showing the water and steam flows in the powerhouse of 
the Southern Alkali Corporation. The greater part of 
the boiler feedwater is raw river water carefully treated 
by the hot-process lime-and-soda-ash method followed by 
a phosphate treatment directly into the boiler drum. 
Excellent results have been obtained with this type of 
treatment as is shown by the present maximum length 
of run allowed before the boiler is taken out of service for 
inspection as a matter of safety procedure. Costs due 
to boiler outage, maintenance of boiler and furnace, labor 
and material have been considerably reduced by this 
close attention to feedwater treatment and control. 
Electric power generation is obtained as the by-product 
of steam used in process requirements. Turbine blading 


HE FIRST alkali plant of the South went into production 
[auras the latter part of 1934 and the usual difficulties 
consequent to starting a new plant were encountered. 
Certain adjustments and changes were necessary before all the 
apparatus operated satisfactorily. 


EQUIPMENT AND DESIGN 


The steam and power plant as designed includes two 1200-hp 
boilers at 400 Ib per sq in. gage, 60 F total temperature; two 
2500-kw turbines; two main boiler feedwater pumps; two feed- 
water booster pumps; two plant fresh-water pumps; water 
treatment and proportioning equipment, together with other 
miscellaneous equipment. 

There is no building partition between the boilerhouse and 
turbine room because the use of natural-gas fuel allows a high 
degree of cleanliness. 

The boilers are of the X-drum type with sectional headers and 
above-deck superheaters, having air-cooled sides and front 
walls with a foreed-draft fan blowing air under the furnace floor 
to the wind box on the front of the boiler. No economizers or 
air preheaters are used at present. 


‘Superintendent, steam and power department, Southern Alkali 

rporation. Mr. Avery was graduated in 1926 from Case School of 
Applied Science, Cleveland, Ohio, with a B.S. degree in mechanical 
engineering, and received his M.E. degree in 1930 from the same in- 
stitution. He was associated with the Bailey Meter Company from 
1926 to 1929, when he became assistant steam and power engineer 
at the Columbia Chemical Division of the Pittsburgh Plate Glass 
Company, Barberton, Ohio Since 1934 Mr. Avery has held his 
present position. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting of Tue AMERICAN SocieTy oF MecHanicat ENGI- 
NEERS, held in Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until December 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Alkali Plant 


By G. R. AVERY,' CORPUS CHRISTI, TEXAS 
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has shown signs of corrosion due to moisture and probably 
will be replaced with stainless steel or its equivalent when 
necessary. The protection of generators and motors when 
not in use is a serious problem along a moist and humid 
coast. They are protected in this instance by covers and 
electric heaters. Pump and air-compressor valve troubles 
have been mainly a question of materials and seem to be 
fairly satisfactorily settled now. 

Automatic control of boiler and water pressures is used 
extensively with good results. Automatic alarms guard 
against the contamination of condensates being returned 
from process departments. Excellent cooperation in the 
design, maintenance, and operation of the plant have re- 
sulted in a smooth load curve with high load and use fac- 
tors. 


GENERAL BOILER AND FURNACE DaTa 


Boiler maker: Babcock and Wileox Company. 

Type of boiler: Cross-drum, water-tube, sectional headers 
above-deck superheaters; and B. & W. steam scrubbers in drum. 

Steam and water drum: 60 in. diameter, 22 ft long, one per 
boiler. 

Boiler tubes: 4 in. diameter, 30 tubes wide, 14 tubes high. 

Superheater tubes: 2 in. diameter, four-loop, three-pass. 

Heating surfaces: Boiler, 11,756 sq ft; superheater, 4000 sq 
ft. 

Furnace data: Width 17 ft, 10 in.; volume 7860 cu ft. 

The main generator and feedwater-pump turbines are 400 lb 
gage admission and 15 lb gage exhaust with a bleeder at 150 
lb gage on the main generator turbine. 

Steam at 150 lb gage and 15 lb gage is supplied to the main 
plant headers feeding to the plant process departments. 

The flow diagram, Fig. 1, shows the water and steam distri- 
bution in the powerhouse. 

Water flows from the plant’s earthen reservoir to the fresh- 
water pumps. Here it is pumped to the process departments 
and to the sedimentation tank. In the sedimentation tank it 
is treated by the hot-process lime-and-soda-ash method and also 
heated to 230 F. The feedwater booster pump takes the treated 
hot water from the sedimentation tank, pumps it through the 
filters and into the deaerator tank. It is heated further to 250 F 
and then goes to the main feedwater pump where it is pumped 
to the boilers. 

The feedwater pressure required to feed the boilers is main- 
tained by changing the speed of the turbine driving the pump, 
thereby increasing or decreasing the pump-discharge pressure 
developed. This is accomplished automatically by a constant 
excess-pressure, diaphragm-operated regulator which opens or 
closes the steam valve in the line to the turbine. 

A small high-pressure pump feeds di-sodium phosphate solu- 
tion directly to the boilers. This solution is made by adding 
from 25 to 35 lb of anhydrous di-sodium phosphate to 100 gallons 
of water. A mercoid switch control operates intermittently 
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to maintain the phosphate solution at the same level as that of 
the chemical solution in the proportioner supply tank, thus ob- 
taining a constant ratio between the volumes of chemical solu- 
tion and phosphate solution added per gallon of make-up water. 
The chemical solution consists of soda ash and lime and sodium 
sulphate when required. There is a 4 to 6-in. lag in solution 
levels between pumping intervals according to the adjustment 
on the spring which controls the trip on the mercoid switch. 
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Fic. 1 Dracram SHowING WATER AND STEAM DISTRIBUTION 
In Powerhouse 


The charge of phosphate is usually adjusted to give an excess 
of 50-100 ppm of phosphate in the boiler water. 


OPERATION 


Feedwater Treatment. Based on the hypothesis that good ex- 
ternal water treatment will keep boilers free from trouble, the 
water tests shown in Table 1 are made daily at the following 
times: 

Raw and treated-water test, every 2 hours 
Boiler-water test, every 3 hours 
Boiler-water total solids test, every hour (by hydrometer) 


Fig. 2 shows a yearly record of these tests. The points plotted 
are the weekly averages of the daily tests shown in Table 1. 


TABLE 1 WATER TESTS 


Test and sam>es Method of analysis Expression of results 


Hardness 
Raw water...... wy solution Grains per gal (as CaCOs;) 
Treated water... ml sample 


ml = gr per gal. 
Methyl-orange alkalinity 


Raw water...... N/29.15 HCl Grains per gal (as CaCOs) 
Treated water... 100 ml men methyl- 

orange indicator 
Chlorides 
Raw water...... 0.01715 N AgNOs Grains per gal (Cl as NaCl) 
Deaerated water 58.3 ml sample 
Boiler water..... KeCrO, indicator 
Pheno 
Treat . N/29.15 HCl Grains per gal (as CaCOs) 
Boiler water..... 100 ml sample phenol- 

phthalein indicator 


(boiler water) in pres- 
ence of excess BaCle 
water 
tal solids. . By hydrometer 


Grains per gal 
Per cent blowdown Ratio of chlorides 


Per cent 


To check the effect of returning blowdown to the system, bi- 
monthly analyses, shown in Table 2, are made on raw water, 


treated water, and boiler-water samples for the following con- 
stituents: 


(1) Insoluble silica, as ppm SiO, tested gravimetrically 

(2) Al.Os, as ppm Al,O,; tested gravimetrically 

(3) Soluble silica, as ppm SiO, tested gravimetrically 

(4) pH of boiler water and steam, tested by electrometric po- 
tentiometer 

Condensate returns from the caustic-soda department are con- 
tinuously checked for caustic contamination by a conductivity 
meter. The purpose of this precautionary measure, which has 
given excellent results, is to guard against high boiler-water 
alkalinities. 

Fig. 3 is a record of the chemicals used per thousand gallons 
of make-up water; from this a cost figure per thousand gal- 
lons can be computed, based on the existing market prices of 
the chemicals. 


TABLE 2 WATER ANALYSES AND pH VALUES 
—pH— 
SiO: p Blr Blr 
Date Rew reated Raw Treated Raw’ pented Water Steam 
9 - 5-35 12.3 14.7 9.8 0.7 O.9 
9-20-35 15.8 11.0 25.9 4.0 m6 8:3 
10 - 7-35 14.9 23.1 30.1 0.9 8.2 0.9 og ne 
10-22-35 20.0 14.3 2.4 0.6 O.1 
1l- 5-350 20.7 13.4 1.4 0.0 0.8 
11-20-35 17.8 7.8 56.3 0.0 ee 8.3 
12- 5-354 17.9 12.6 46 0.0 6.5 ae zs RS 
12-20-35 23.1 14.8 0.0 0.0 2.4 1.3 oe <* 
1- 6-36 15.7 14.1 6.7 0.0 3.4 2.8 a oe 
1-20-36 15.2 7.56 10.9 0.0 1.6 
2- 5-36 20.8 7.4 7.3 0.0 
2-20-36 10.1 5.1 9.8 0.0 4.4 3.2 
3- 5-36 11.1 9.0 46.1 0.0 0.8 
3-20-36 10.7 5.4 12.7 0.0 1.3 0.9 
4- 6-36 10.9 4.9 73.4 0.0 0.6 
4-20-36 10.9 2.9 4.0 0.0 1.8 Be i : 
5- 5-36 11.8 3.2 9.1 0.0 1.0 1.4 nee o“ 
5-21-36 13.1 5.2 6.4 0.0 “2s 67 9.5 7.3 
6- 5-364 20.3 15.3 40.4 0.0 0.6 0.3 9.5 5.7 
6-22-360 21.5 15.7 8.2 0.0 0.8 0.7 9.5 6.2 
7- 3-364 26.8 21.1 8.4 0.0 3.8 2.1 9.3 4.6 
7-20-360 24.8 26.7 17.5 0.0 2.6 we 9.1 5.6 
8-21-3646 36.1 24.9 6.0 0.0 2.9 1.9 9.4 6.1 
9- 5-364 35.8 21.5 7.0 8.0 2.6 2.5 9.6 rh 
9-21-360 28.3 19.3 10.4 0.0 10.1 
10- 5-360 «26.9 21.3 53.0 0.0 1.6 Fe | 9.3 6.0 
10-20-362e 21.6 16.4 22.8 0.0 3.9 2.3 10.0 6.8 
1l- 6-360 20.6 14.9 ye 0.0 1.3 1.3 9.4 7.3 
11-20-3620 38.2 19.2 1.4 1.3 9.2 6.1 
* Continuous blowdown being returned to raw water. 


TABLE 3 BOILER SLUDGE AND SCALE ANALYSES 


Boiler-Sludge Analysis, August 20, 1934 
No. 2 Boiler 


Per cent 
De 
100.0 
®@ By weight. 


Boiler-Scale Analysis, August 16, 1934 
Top row of boiler tubes, about 2 feet - circular headers on upper part of 
tu 


Per cent 

104.21 


6 Includes metallic iron as well as oxide of iron and aluminum. 


The true value of water conditioning is, of course, in the cot 
dition of the boiler and boiler tubes. Fig. 4 shows the periods 
of operation between boiler-tube cleaning intervals. The pre 
ent period of operation is approximately six months. As a safety 
measure, the boilers are cleaned more at these times tha? 
is justified by the amount of scale found on the tubes. No 
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mal operation consists of having in service at all 
times both of the boilers. They are cleaned and in- 
spected at the stated intervals, shown by Fig. 4, 
one immediately after the other. 

Rigorous inspection with continuous observation 
of the condition of the boilers is felt justified from 
the point of stand-by equipment. 

During the initial period of operation and before 
the treated water was clear, there was a soft sludge 
anda hard scale depositing on the tubes. A typical 
analysis of each of these materials is shown in 
Table 3. 

It will be noted that Fig. 4 shows the periods of 
service before June, 1935, as 35-50 days. During 
this time great difficulty was experienced in ob- 
taining a clear treated water. The raw water com- 
ing from the Nueces River source showed a high 
turbidity and a fairly low hardness and chloride 
content. By adding extra coagulating materials 
to the sedimentation tank it was possible to im- 
prove the clarity of the water. The coagulants tried 
Were aluminum sulphate, sodium aluminate, and 
Magnesium sulphate. However, there still re- 
mained a considerable turbidity in the treated 
water until the hardness and chloride content of the 
Taw water increased. Immediately the treated 
water became clear. Several opinions have been ad- 
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vanced to account for this, one of which was that the low-hard- 
ness, low-chloride water did not form a sufficient quantity of 
floc to remove the very fine particles with it in settling. An- 
other was that the increase of total solids aided in forming a 
coarser precipitate or floc; as a result better clarifying action 
was obtained as the floc settled. 

Whatever the cause, the use of extra coagulants has heen dis- 
continued. During periods of low chloride concentration in 
the raw water we return the boiler continuous blowdown to the 
water reservoir which builds up the amounts of chloride and solids 
in the raw water. To the present time we have had no more 
trouble with turbidity in the treated water. 

As a check on the rate of settling in the sedimentation tank 
and capacity per sq ft of filter area, the following normal and 
maxium operating rates are shown: 


Normal Maximum 


Settling time, sedimentation tank.... 3 hr, 10 min 1 hr, 10 min 
Water per sq ft of filter area........ 43.7 gal 83.5 gal 


It seems evident from this that operating the softener at too 
high a rate should not have been a factor in preventing the clearing 
of the turbid water. 

Boiler output ranges from 175 per cent of normal rating to 325 
per cent maximum. These ratings are not excessive and all con- 
ditions favor the production of clean steam. 

Since the difficulty with turbid treated water has been over- 
come the length of runs has been increased as shown in Fig. 4, 
slowly enough to enable checking the condition of the boiler tubes. 

The steam scrubbers are apparently working satisfactorily, 
although the boiler ratings have not been high enough for a 
more thorough check. 

Heat recovery of the continuous blowdown may be installed 
later. At present this is flashed to the steam space in the sedi- 
mentation tank and the remaining liquid is returned to the sewer 
or to the water reservoir, depending on the raw-water conditions. 

To obtain a uniformly treated boiler feedwater in the face of 
rapid and extreme fluctuations in the raw water calls for fre- 
quent testing with similarly frequent changes in the amounts of 
chemicals fed to the treatment tank. 

The continuous blowdown from the boiler is manually regu- 
lated, depending either on the boiler-water alkalinity or on the 
total solids tests; this choice is governed by the load carried on 
the boilers. 

It may be noted that the per cent blowdown has a rather high 
value, but it seems justified by boiler-water and tube conditions. 
This value has been varied for several trial boiler runs. How- 
ever, the existing condition appears economically justified when 
the present low costs of water and fuel are considered together 
with the restricted stand-by equipment and the isolation of the 
plant from a repair-parts point of view. Oxygen corrosion is 
not at all apparent on the boiler drums or tubing. 


TURBINES 


The amount of steam carry-over is negligible. Deposits on 
the turbine blading at present are not noticeable. However, 
during the first year when boiler-water alkalinities were high, 
there occurred a considerable deposit which required hand scrap- 
ing and brushing. This scale had an analysis as shown in Table 4. 

The carry-over of solids occurred while there was a turbid 
treated water and high alkalinities were being maintained in an 
attempt to prevent sodium aluminum silicate from depositing 
on the boiler tubes. 

There has been trouble with the rusting and pitting of the tur- 
bine blading, due possibly to steam leakage through shut-off 
valves, steam traps, or to atmospheric moisture. Since the 
present blading is not stainless steel, it is proposed to replace it 


TABLE 4 TURBINE SCALE SAMPLE ANALYSIS (BY WEIGHT 
Per cent 
> 61.10 
19.08 
NaOH. 0.40 
MgeSO,. 0.61 
SiO:.... 3.49 
0.58 
Moisture. .... 0.54 


By difference. 


with stainless-steel blading, or its equivalent, whenever it be- 
comes necessary. Vent openings have been arranged between 
double valves on the pressure lines to the turbine. These are to 
remove the possibility of steam leakage into the turbine. The 
turbine traps have been altered so that they discharge to the 
atmosphere. 


JENERATORS AND Morors 


To keep the generator and motor windings dry electric heaters 
are installed in the generators and in the motor bases. The 
generator heater is mechanically interlocked with the exciter 
switch so that when the exciter switch is closed the heater is turned 
off, and when open it is turned on. The results of the Megger 
tests indicate that this accomplished the desired results. Before 
installing the heaters, a Megger reading showed 150,000 ohms; 
after the installation, the reading was increased to one to two 
million ohms. When not in use, the motors and exciters are 
protected by canvas covers and electric heaters in the base to 
keep out the moisture. Along the coast, the moisture and high 
humidity provide ever-present problems. 


Pumps 


No trouble has been experienced with the fresh-water pumps, 
but it has become necessary to use an acid-resistant bronze for 
sea-water pumping purposes. There are times during the year 
when a small amount of sulphide is present in the sea water 
Aside from normal wear, little further trouble has occurred 
since the installation of the bronze equipment. 

The boiler-feed-pump shaft sleeves, originally of bronze, broke 
seemingly because of crystallization. This may have been 
caused by heat generated by the friction of the packing on the 
sleeve. They were replaced with new monel-metal sleeves 
which are standing up well. A nitrided steel would probably 
be as good or better. 

Since there are only two boiler feed pumps, a close check is 
kept on their condition, and repairs are made immediately as 
needed. This repair work is always continuous until the job 
has been completed. No trouble is anticipated if the mainte 
nance work is kept up to the minute. With the exception of the 
previously mentioned difficulties, the main feed pumps, pumping 
water at 250 F and 460 lb per sq in. gage, have given little trouble. 
This may be due in part to the pressure developed per stage, 
amounting to 100 to 125 Ib. A small amount of water is bled 
from the second stage for process use. 


Arr CoMPRESSOR 


The air compressor is a constant-speed, motor-driven, two 
cylinder, double-acting unit with an intercooler and a three-step 
unloader. Best results have been obtained with stainless-steel 
valves. 


ContTROL 


Feedwater-treatment control is accomplished with a proper 
tioner-type controller. Changes in the water condition are met 
by changing the weights of chemicals used per charge. 

The water pressure to the sedimentation tank is contrelled 
by pilot air-operated control valves. 
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FUELS AND STEAM POWER 


Boiler control is of the air-operated type, with the air normally 
being furnished by the plant air system. An emergency steam- 
driven air compressor will automatically start in case of power 
failure or low air pressure. 

The firing equipment consists of ring-type combination oil 
and gas burners, operating at present on natural-gas fuel. 

Fuel and air flow are controlled by air pressure from the master 
pressure controller and by a separate correcting adjustment 
for increasing or decreasing the air control to the uptake damper. 
This separate correcting adjustment is made from a relay at- 
tached to the steam-flow-air-flow ratio beam in the boiler meter. 

Daily instrument charts representative of normal boiler op- 
eration show that for variations in steam flow between 45,000 
and 65,000 lb per hr the steam pressure is held within a 5-lb 
range, and that during a sudden drop of 5000 to 10,000 Ib per 
hr in steam flow the steam pressure will increase only 3 Ib per 
sq in. 

All gages and control units are centralized on the panel board 
which tells the complete story, thus instantly locating the source 
of any irregularity. 

The main difficulties experienced with control have been in 
stopping the air leaks in the system and in adjusting the con- 
trols to the same lag or speed of response as the equipment being 
controlled. This has been fairly well completed, although small 
adjustments are normally necessary depending on the weather 
and the number of burners in service. 
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In case of a power failure, direct-current, solenoid-operated 
valves function in the control line to open the induced-draft 
damper and to close off the fuel-regulating valve to a predeter- 
mined point. The load is then carried by manual operation 
until automatic operation is restored and the fan motor is again 
in operation. 

Close cooperation between the departments which utilize steam 
and the boilerhouse makes for a steady load with no excessive 
peaks or valleys in the steam demand. 


SUMMARY 


Due to good engineering judgment exercised in designing the 
plant, equipment, and the layout, and to the observance of a 
strict maintenance program, it has been possible fully to realize 
the performance expected of the original equipment. 

Careful control, testing, and analysis of boiler waters and the 
continuous blowdown control to hold the water at the condition 
desired has resulted in virtually eliminating the turbining of 
hoiler tubes. 
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A New Low-Alloy Pearlitic Steel for 


High-Temperature Service 


By C. L. CLARK,' ANN ARBOR, MICH., anp ROGER STUART BROWN,? NEW YORK, N. Y. 


This paper describes the high-temperature characteris- 
tics of a carbon-molybdenum steel which differs from 
those now in general use in that it contains 1.5 per cent 
rather than from 0.5 to 1 per cent molybdenum. On 
the basis of standard creep tests and comparative con- 
stant-loading tests, it is shown that the increase in 
molybdenum content has greatly improved the load- 
carrying ability of the steel, especially at the higher tem- 
peratures. 

Since the oxidation and corrosion resistance of this steel 
is no better than that of plain carbon steels, advantage 
cannot be taken of its improved load-carrying ability un- 
less its surface is protected from attack. Accordingly, 
this analysis is considered only in a calorized condition. 
The present-day calorizing process is briefly described and 
certain proposed applications for this calorized steel are 
discussed. 


HE PAST few years have seen considerable progress made 
ii: the development of low-alloy pearlitic-type steels for 
high-temperature service. Through a proper selection of 
analyses now available, suitable combinations of creep strength, 
oxidation and corrosion resistance can be obtained for many 
applications in which formerly only high-alloy ferritic or aus- 
tenitic steels were considered. While certain of these steels are 
rendering satisfactory service there is, of course, an ever-exist- 
ing need to obtain steels with even better load-carrying ability 
combined with a higher degree of surface stability. Only in this 
way can the use of the steels of this type be further extended to 
higher operating temperatures or to more severe conditions under 
present operating temperatures. 
The present paper considers the high-temperature character- 
istics of a 1.5 per cent molybdenum steel in the calorized condi- 
tion. The molybdenum, in this amount, provides the strength 


) Research Engineer, Department of Engineering Research, Uni- 
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characteristics while the calorized surface produces a high degree 
of oxidation and sulphur-corrosion resistance. In the uncalo- 
rized state this analysis would possess an oxidation resistance no 
better than that of a plain carbon steel and in this condition its 
use would be confined to a maximum operating temperature of 
950 to 1000 F. When the surfaces are calorized, however, this 
analysis can be used under properly designed stresses for pro- 
longed service at temperatures up to 1200 to 1300 F. 


MATERIAL CONSIDERED 


The steel used in this investigation was made in a commercial 
electric-are furnace in a charge of 2000 lb. It was cast into 100- 
Ib ingots and hot-rolled into 7/;-in. bars. The steel was com- 
posed chemically of 0.10 per cent carbon, 0.28 per cent manganese, 
0.12 per cent silicon, 0.017 per cent phosphorus, 0.016 per cent sul- 
phur and 1.38 per cent molybdenum. 

The necessary creep, tensile, and impact specimens were then 
calorized, commercial equipment again being used. The caloriz- 
ing process consists of a series of operations, and since these have 
undergone pronounced changes during the past three years, they 
will be briefly described. 

Calorizing Process. The modern calorizing process consists of 
two operations. In the first, the parts to be calorized are heated 
in closed retorts with the correct calorizing mixture and an iron- 
aluminum alloy is formed on the surfaces. This contains from 50 
to 75 per cent aluminum but has a depth of only 0.005 to 0.010 in. 
Furthermore, this layer is brittle and a distinct line of demarca- 
tion exists between it and the base steel. Therefore, it will spall 
off readily when subjected to deformation. 

In the second operation, the calorized parts are maintained at a 
proper temperature for a sufficient period of time to cause the 
alloy initially formed to further diffuse into the base steel. The 
degree of diffusion can be controlled and the conditions are gener- 
ally adjusted so that the aluminum concentration at the surface 
is reduced to 30 per cent, and the depth of diffusion increased to 
0.035 in. Thus, this second operation greatly improves the duc- 
tility of the surface alloy by decreasing the aluminum concen- 
tration and by eliminating the line of demarcation between the 
base steel and the surface alloy. 

The two heating periods required in the calorizing operations 
will, in general, coarsen the grain structure of the base steel. After 
the completion of calorizing, it is necessary to refine the coarsened 
structure by annealing. 


EXPERIMENTAL RESULTS 


Even though a steel may possess a good combination of high- 
temperature characteristics it must also have suitable room-tem- 
perature properties in order to permit fabrication and installa- 
tion. Therefore, it is necessary to consider both the room-tem- 
perature and high-temperature properties. 

Room-Temperature Properties. Table 1 gives the room-tem- 
perature tensile and impact properties of the 1.5 molybdenum 
steel in both the calorized and uncalorized condition. First, con- 
sidering the uncalorized material, it will be noted that a suitable 
combination of strength and ductility exists in both the as-re- 
ceived (hot-rolled) and annealed conditions. Even though the 
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TABLE 1 INFLUENCE OF HEAT-TREATMENT ON THE ROOM-TEMPERATURE 
PROPERTIES OF UNCALORIZED AND CALORIZED 1.5 MOLYBDENUM STEE 


Tensile Yield 

Condition strength, poles, 
of b per 

specimens sq in. sq in. 

Uncalorized: 
As receiv ed: 

47500 

45000 


46250 
Ananaind, at 1650 F and drawn at 1300 F: 


64400 44900 
64600 45000 


64500 44950 


58700 33600 
58700 30700 
58700 32150 


58000 30700 
58000 33000 
58000 31850 

Angetet at 1650 F and drawn at 1300 F: 
No. 57400 31200 
57100 31200 
57250 31200 

Calorized, but esbevising removed: 

Annealed at 1650 F and drawn at 1300 F: 
No 63500 37350 
Average. 63550 37400 


Nore: All values for calorized specimens are based 
layers. 


annealing teatment spheroidized the structure, the tensile strength 
is greater than 60,000 lb per sq in. and the yield stress in excess of 
40,000 lb per sqin. The ductility is likewise good, the elongation 
being greater than 35 per cent and the reduction of area in excess 
of 70 per cent. 

The Charpy impact resistance of this steel is likewise outstand- 
ing. In the as-received condition it is 108.3 ft-lb while the an- 
nealing treatment increased this value to 144.7 ft-lb. 


Yield Propor- 
stress, tional 
Ib per limit 
sq In., lb per 
0.2% sq in, 


Elongation Reduction Charpy 
in 2 in., of area, 
per cent per cent 


43500 28500 31.50 
43000 26600 34.00 
43250 27550 

43000 31000 

43000 

43000 


3 1200 


16900 
16900 


29650 16900 


32.00 3.50 
31.75 2.35 


on total cross-sectional area; that is, metal plus calorized 


TABLE 2. BRINELL HARDNESS OF UNCALORIZED CYLINDERS 
WATER-QUENCHED AND AIR-COOLED AFTER HEATING TO 
TEMPERATURES BETWEEN 1450 AND 1750 F 

Brinell hardness after designated 
-——— rate of cooling 
Heating Water- 
temperature, F quenched 
As received 
1450 


Air-cooled 

163 

1550 240 

1650 293 
297 


Fie. 1 Time-ELone@ation Curves at 1300 F ror Catorizep 1.5 MoLyBpENUM STEEL 


In the majority of cases, the calorizing treatment lowered the 
strength, ductility, and impact characteristics. Even in the 
calorized condition, however, this 1.5 molybdenum steel possessed 
an elongation of 25 per cent. The annealing treatment raised 
the elongation of the calorized specimens only slightly, but did 
exert a marked influence on the reduction of area, raising this 


value from 32.55 to 46.2 per cent. The impact resistance, while 
considerably below that of the uncalorized steel, is good, being 
57.3 ft-lb. 

Values are also included in Table 1 for calorized specimens with 
the calorized layers removed, and from these it is evident that the 
strength and ductility characteristics are of the same order of 
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69.70 104.0 
108.0 
hel 69.50 108.3 
lo. 2 73.00 145.0 
Calorized: 
Annealed at 1650 F 28800 7100 25.50 33.70 
28800 7100 27.50 37.40 
30400 27.00 45. 52. 
28900 27.00 46.90 60.0 
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TABLE 3 CREEP CHARACTERISTICS OF CALORIZED 1.5 
MOLYBDENUM STEEL AT VARIOUS TEMPERATURES 


Stress for creep rates of 0.01 and 0.1 per 
——¢cent per 1000 hr, lb per sq in. 


ae, At 0.01 per cent At 0.1 per cent 


per 1000 hr per 1000 hr 

1100 3350 10000 

1150 3150 9400 

1200 2100 7300 

1300 1000 3350 

1400 330 940 
10 — 
+++. 5650 = 8.0 Per Cent 
TTT 
3 

| 
2 +—4 
ad 
| 

0.01 0.02 0.04 0.06 0.1 0.2 04 06 1.0 x 24 


Rate of Creep, Per Cent per 1000 Hours 


Fie. 2. Creep-Srress Curves FoR CaLorizep 1.5 MoLyBpENUM 
S@EEL 

magnitude as the uncalorized material. This proves the caloriz- 

ing to be without a detrimental influence on the properties of the 

base steel. 

Air-Hardening Characteristics. In order to deter- 
mine the susceptibility of this steel to air hardening, 
uncalorized cylinders were both air-cooled and water- 
quenched from a series of temperatures ranging from 
1450 to 1750 F. The hardness values given in Table 
2 were obtained on these cylinders. 

In the case of the air-cooled specimens, the Brinell 
hardness ranged only from 137 to 153, indicating that 
this carbon-molybdenum steel is not susceptible to 
air-hardening. 

Creep Characteristics. The creep characteristics of 
the calorized and heat-treated (annealed at 1650 F and 
drawn at 1300 F) steel were determined at 1100, 1150, 
1200, 1300, and 1400 F. The single-step method of 
loading was used with four different stresses being em- 
ployed at the two higher temperatures, and two 
stresses at the three remaining temperatures. Each 


Fic. Curves ror Heat-Trearep CaLorizep 
Streets Testep aT 1400 F anp 2000 LB per Sq Iv. 


test was continued for 1000 hr. All testing details were in ac- 
cordance with the Tentative A.S.T.M. Standard E22-34T. 

Fig. 1, setting forth the results obtained at 1300 F, is included 
as being representative of the actual time-elongation curves ob- 
tained at each of the five temperatures. If the stresses and corre- 
sponding second-stage creep rates are plotted to logarithmic co- 
ordinates, as shown in Fig. 2, stresses corresponding to definite 
creep rates can be obtained. Creep strength, as determined from 
this figure, is given in Table 3. 

From these values it is evident that this analysis does possess 
very good load-carrying ability at temperatures up to and includ- 
ing 1300 F. Its superiority in this respect becomes even more 
evident if comparisons are made with other calorized analyses. 
For example, Figs. 3, 4, and 5 give time-elongation curves ob- 
tained for this analysis as well as for calorized 1.0-molybdenum 
steel under similar stresses at 1000, 1100, and 1400 F. It is appar- 
ent that the increase in the molybdenum content from 1.0 to 1.5 
per cent has greatly improved the creep strength. 

Tube design stress is often based upon some high percentage 
of the stress required for a creep rate of 1 per cent per 10,000 hr. 
Values to 1400 F are given since it is rather well-established that 
in both radiant-superheater and oil-still tube design, the ability 
of the tube to survive for several thousand hours at from 100 to 
200 F above the normal temperature is more important than 
possession of requisite strength under normal operating condi- 
tions. 

Proof of the last statement is had in the fact that failed oil-still 
tubes are occasionally found to exhibit internal carburization. 
Failed radiant-superheater tubes have also been observed with 


Fie. 4 Time-ELoncation Curves ror HEAT-TREATED CALORIZED STEELS 


Testep aT 1100 F anv 10,000 Ls per Sq IN. 


Inehes pee 


Fic. 5 Time-ELoneation Curves ror Heat-TREATED CALORIZED 
Streets Testep aT 1000 F anp 24,000 Lp Sa In. 
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more scale on the inside of the tube than outside. Chemical analy- 
sis demonstrated this scale to be iron oxide (not boiler scale). It 
was due to dissociation of the steam into hydrogen and oxygen by 
contact with the tube wall at 1200 F. In the case of the oil still, 
these abnormal temperatures occur for some time at the end of 
every run because of the coke formation on the tube interior. In 
the case of radiant superheaters, the abnormal temperature comes 


A F 
UNCALORIZED 
CALORIZED 


Fic. 6 UNCALORIZED AND CALORIZED SPECIMENS TESTED AT 1400 F 
AND 2000 LB PER Sq IN. 


Fractured (F) 
or not 


Specimen Test time, fractured Elonga- 

Uncalorized Composition hr (NF) tion, % 
Specimen: 

A 0.10 C# 59.0 F 79.40 

B 0.15C + 0.50 Mo 110.0 F 45.70 

Cc 0.15 C + 1.00 Mo 177.0 F .00 

D 1.25 Cr + 0.50 Mo 230.0 F 21.70 

E 1.50 Cr + 0.60 Mo 297.0 F 40.70 

F 4-6 Cr + 0.50 Mo 487.0 F 40.10 
Calorized 
Specimen: 

G 0.10 C4 99.5 F 41.20 

H 0.15C + 0.50 Mo 480.0 F 15.00 

I 1.25 Cr + 0.50 Mo 600.0 NF 6.40 

J 1.50 Cr + 0.50 Mo 600.0 NF 4.40 

K 46 Cr + 0.50 Mo 600.0 NF 2.41 

L 0.15C + 1.00 Mo 600.0 NF 2.24 

M 0.15C + 1.50 Mo 600.0 NF 0.37 


® Killed mild steel. 


from reduced rate of flow under low loads or during shutting 
down and starting up periods. 

The ability of the calorized 1.50 molybdenum steel to carry the 
load for hundreds of hours far above normal temperatures is 
shown in Fig. 6 illustrating tensile specimens tested at 2000 Ib 
per sq in. at 1400 F. It is also demonstrated in Fig. 2. Choos- 
ing a stress, 3300 lb per sq in. for example, and following it across 
the various temperature lines in Fig. 2, it will be noted that the 
creep rate per 1000 hr at this stress is 0.01, 0.012, 0.024, and 0.09 
per cent per 1000 hr at temperatures of 1100, 1150, 1200, and 
1300 F, respectively. This implies that this steel would carry 
a load of 3300 Ib per sq in. for 150,000 hr at a temperature of 
1100 F with a total creep of 1'/; per cent; at the end of 10,000 
additional hr at 100 F above a normal temperature of 1100 F the 
creep would be only 0.24 per cent; and at the end of 2000 hr 
additional at 200 F above a normal temperature of 1100 F the 
creep would be 0.18 per cent. 


Let us assume hours in service at various temperatures as 
given in Table 4. 


TABLE 4 
Excess Creep og Creep in time 
Metal, temp above 1000hr, assumed (col. 1), 
Time, hr temp F normal, F per cent per cent 
150,000 1100 Normal 0.010 1.50 
10,000 1200 100 0.024 0.24 
2,000 1300 200 0.090 0.18 


Total 162,000 hr (18'/: yr) Total 1.92 per cent 

The relative load-carrying ability of a series of steels can also 
be determined by subjecting them to a given load at any given 
temperature and maintaining this load until a large number of 
them fracture. An examination of the resulting specimens will 
afford additional proof as to differences in their load-carrying abil- 
ity. Fig. 6 shows specimens of several different steels which were 
heated for a maximum period of 600 hr at 1400 F under a stress 
of 2000 lb per sq in. Five of the calorized specimens did not 
fracture during this time but they did undergo varying amounts 
of extension, with the 1.5 molybdenum showing least deformation. 


APPLICATIONS 


In general, the calorized 1.5 molybdenum steel has been used, 
thus far, for tubes, rods, and bolts. There are two partial installa- 
tions of radiant superheaters and for one of these a most satisfac- 
tory operating report has been reteived. 

There is one installation of liquid-phase cracking of very 
heavy cracked residuum oil heated to 1030 F with the unusually 
high rate of heat input of 18,000 Btu per sq ft per hr, which 
makes for high tube-wall temperatures. Another installation is 
used to heat petroleum vapor under pressure to 1400 F. 

A quantity of calorized 1.5 molybdenum rods of !/3 in. diame- 
ter are in use to suspend insulating refractory brick (running 
through a hole in the brick) in an oil-still roof. 

A heat-treating furnace for annealing brass and copper tubes 
uses 3 in. O.D. X 9 gage X 4 ft long calorized 1.5 molybdenum 
tubes suspended between two rows of alloy chain. The tubes to 
be annealed are carried through the furnace on the calorized tubes 
which serve as a slat conveyor. 

None of the calorized tubes are adaptable to present designs of 
convection superheaters due to the impossibility of making either 
forged return ends or the very sharp return bends required. Radii 
of four to five times the tube diameter, used in radiant-super- 
heater design, may be made in the calorized tube without injury 
to the surface alloy if bent hot. 

The calorized molybdenum tube may be rolled into headers 
without damage to the calorized surface inside. The ends of the 
tubes are usually prepared by light grinding which removes about 
one half the calorized surface, thus reaching the more ductile al- 
loy at the junction. By the use of specially coated rod of 25 per 
cent chromium and 12 per cent nickel, seal welding may be done on 
calorizing. If it is not necessary to make the weld oxidation- 
resisting, a less expensive job can be done by grinding off a band 
of calorizing around the tube where the bead is to come, and weld- 
ing with coated steel rod. 


CONCLUSIONS 


On the basis of the results obtained it is believed that calorized 
1.5 per cent molybdenum steel is well-suited for service at ele 
vated temperatures. Its room-temperature physical properties 
and its lack of susceptibility to air hardening insure freedom from 
difficulty during installation. The calorized surface imparts 4 
very marked resistance to oxidation and sulphur corrosion and 
the high creep strength of the base steel prevents the calorized 
surface from cracking. In general, no cracking of this surface 
will occur until the deformation exceeds 5.0 per cent. 
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Power and Forces in Milling S.A.E. 3150 


This paper outlines a series of tests conducted on a mill- 
ing machine using slab mills of similar construction except 
for variation in rake angle, when milling an S.A.E. 3150 
steel. The cutters had rake angles of 20, 15, 10, and 5 deg 
as variables, but otherwise were 3 in. in diameter, and had 
12 teeth on a 25-deg left-hand helix. Gross and net power, 
as determined on a wattmeter, and the three components 
of the cutting force, as determined on a specially con- 
structed dynamometer, were obtained for a wide variety 
of combinations of depths of cut and feed. The speed 
was constant, and a single cutting fluid was used in all 
tests. 

From the data presented graphically, formulas for net 
power input, the horsepower per cubic inch per minute, 
and for the tangential and axial components of the cutting 
force have been determined for each cutter as a function of 
feed and depth of cut. For any size of cut the tangential 


variable feed, depth of cut, rake angle, and helix angle upon 
the power as determined by a wattmeter and the three com- 
ponents of the cutting force as determined by a dynamometer 
when milling an annealed S.A.E. 3150 steel. A new Cincinnati 
No. 4 plain milling machine was used. It was equipped with a 
direct-connected 15-hp motor, to which was attached a recording 
wattmeter, as shown in Fig. 1. The wattmeter record gave the 
tare power required to operate the machine running idly with 
the spindle and feed engaged and the gross power when taking 
the actual cut in each case, so that the net power developed at 
the cutter could be computed. In all tests a cutting fluid was 
circulated at the rate of approximately five gallons a minute to 
the cutter by an independent circulating system shown at the 
lower left of the machine in Fig. 1. The cutting fluid consisted 
of 1 part of sulphurized-base oil blended with 15 parts of light 
mineral oil having a viscosity of 110 sec Saybolt at 100 F. 
The dynamometer was of an all-steel type employing the prin- 
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and normal components are shown to decrease as the rake 
angle is increased. The axial component shows com- 
paratively little change in value up to a 10-deg rake angle, 
after which it decreases rapidly for an increase up to 20 
deg. The horsepower per cubic inch per minute decreases 
rapidly with an increase in rake angle. 

For each cutter the tangential and axial components in- 
crease as the feed or depth of cut isincreased. The normal 
component compresses the work for small values of feed 
and depth of cut but tends to lift the work for large values. 
Gross and net values of horsepower for the 15-deg rake 
angle cutter are plotted for each of a number of values of 
depth of cut over feed as a variable. From these curves, 
values may be selected for any combination of depth of cut 
and feed. 

Similar data are included, also, for a cutter having eight 
teeth, 45-deg helix angle, and 15-deg rake angle. 


ciple that the deflection of a steel beam is proportional to the 
component of the cutting force. Its construction might be com- 
pared with that of a weighing scale which measures both positive 
and negative forces. It consisted of three independent beam 
structures, each connected through lever mechanisms to separate 
dial indicators. In this way, the three components of the cutting 
force, that is, N normal to the machined surface, T tangential to 
the machined surface, and A axial (side thrust) were measured. 
The dynamometer was calibrated with a small hydraulic unit 
provided with a pressure gage, which had a range up to 3000 Ib. 
The unit was braced against the dynamometer in the direction 
of the component being calibrated, and the force applied by a 
screw jack or by using the table-feed mechanism. The force 
exerted caused a deflection of the dynamometer as indicated by 
the dial gage. A deflection of 0.001 in. on the respective dial 
gages indicated normal, tangential, and axial forces of 21, 14, 
and 5.75 lb. Actual cutting forces were obtained by multiplying 
each dial reading by its constant. Calibration was checked be- 
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Fig. 1 


fore and after the tests on each cutter to insure accuracy of re- 
sults. 

The cutters used were of high-speed steel and specially made 
to provide the various rake and helix angles and number of teeth 
desired. These cutters are listed in Table 1. Cutters Nos. 1 
to 4 were 3 in. in diameter by 3 in. long, and had 12 teeth on 25- 
deg left-hand helixes and 7-deg relief angles. These cutters 
varied only in rake angle, having 20, 15, 10, and 5 deg, respec- 
tively. Cutter No. 5 had 8 teeth on a 45-deg left-hand helix 
angle and a 15-deg rake angle. The material cut consisted of hot- 
rolled annealed 8.A.E. 3150 steel in the form of slabs 10 in. long, 
6 in. high, and 2 in. wide. This material, used in other tests‘ (see 
footnote 4 on p. 545), had a Brinell hardness of 170, and was 
found to be very uniform throughout. 


Tue TEsts 


Before taking force and power readings, « variety of cuts were 
taken at various combinations of speed, feed, and depth to obtain 
an idea as to the performance of the dynamometer. The speed 
of 13.3 fpm proved to be most satisfactory for the combinations 
of feed and depth of cut as reported in Table 1, in that no chatter 
or excessive fluctuation of the gage indicators occurred. At 
higher speeds some trouble was experienced. In running the 


THe WaTrMeTter, AND DyNAMOMETER USED IN THE TESTS 


tests for each cutter, the speed and depth of cut were held con- 
stant, while the feed was varied over each traverse of the block: 
then the next depth of cut was selected and another traverse of 
the block made, using the same variable feeds. Four separate 
tests were run for each combination of feed and depth of cut. In 
a few cases where values did not check satisfactorily, furthe: 
tests were made. All tests were run in the conventional or up- 
milling manner. The width of all cuts was 2 in., and the forces 
shown on the charts are for this width. 

All data for the 20-deg rake, 25-deg helix angle cutter are pre- 
sented in Figs. 2 to 7, inclusive; for the 15-deg rake angle cutter 
in Figs. 8 to 13, inclusive; for the 10-deg rake angle cutter in 
Figs. 14 to 19, inclusive; and for the 5-deg rake angle cutter in 
Figs. 20 to 25, inclusive. Data for the 8-tooth, 15-deg rake, 45- 
deg helix angle cutter are given in Figs. 26 to 31, inclusive. 

Values of the three components and net horsepower per culic 
inch per minute are summarized for each cutter for one size of 
cut in Fig. 32, and the gross and net power values for all cuts for 
the 15-deg rake, 25-deg helix cutter are summarized in Fig. 33. 
The cutters are listed, and equations representing the components 
and net horsepower per cubic inch per minute as a function of 
the depth of cut and feed are summarized in Table 1. 

It may be pointed out that the feed per tooth f for a feed F ot | 


TABLE 1 SUMMARY OF FORCE AND POWER TESTS WHEN MILLING AN ANNEALED S.A.E. 3150 STEEL 


Net horse 
————Cutter———. Cutting speed —----—-----Range of cuts——-—---— Axial force Tangential power per ¢u 
No. Description Rpm Fpm Depth, in. Feed, in. (side thrust) orce in, per min? 
Left helix slab mil! 

1 3” diam X 3” long 17 13.3 { 0.469 
12 teeth | 8,820 fo.6s 72,600 wd?.77 
25-deg helix 1400 770 1.70 
20-deg rake 

2 3” diam X 3” long 17 13.3 | 0.500 
12 teeth 9,960 f0.67 81,150 wd?.s fo qo. 130 fv. 
25-deg helix 155 800 1.715 
15-deg rake 

3 3” diam X 3” long 17 13.3 3/,-33/s per min 0.552 
12 teeth 0.035 to 0.200 0.00368 to 0.01654 per tooth 10,960 wd®-633 79.05 95,350 wd9-53 fo. 0.086 70.200 
25-deg helix ” : 164 840 1.77 
10-deg rake 

4 3” diam X 3” long 17 13.3 0.591 
12 teeth 11,900 wd®.8 70.725 107,000 wd®.87 v.65 0.042 fo 28 
25-deg helix | 162 910 1.81 
5-deg rake 

5 3” diam X 2!/2” long 26 20.4 0.74 | 

8 teeth per min 23,500 wd®.440 fo.70 77,700 fois fo.» 
45-deg helix 0.00361 to 0.0162 per tooth 195 495 1.62 
15-deg rake 


@ Value ford = 0.075 in., f = 0.009 in. per tooth, and w = 2in, (See Fig. 3.) 
+ Net horsepower equals the gross wattmeter power less the tare for machine running idly. 
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Fie, 6 Net Horsepower AS DETERMINED From THE WATTMETER 
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number of teeth in the cutter 

speed, rpm 
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depth of cut, in. 

feed per tooth, in. 
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N = speed, rpm 
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Fig. 30 Net Horsepower aS DETERMINED FROM THE WATTMETER 
ror Various Feeps anp DepTus or Cut PLorrep on Loc-LoG 
PAPER FOR THE Cuts DeEscrRIBED IN Fia. 26 


¢ = number of teeth in the cutter 
N = speed, rpm 

w = width of cut, in. 

d = depth of cut, in 

f = feed per tooth, in. 
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or f = 0.0049 in. as shown in Fig. 5. For the 8-tooth cutter 
operating at 26 rpm 

1=fxX8 X 26 
or f = 0.0048 in. as shown in Fig. 28. The feed per tooth is 
practically the same for the two cutters, and yet the tangential 


force for the 12-tooth, 15-deg rake angle, 25-deg helix angle 
cutter for a cut 2 in. wide, as shown in Table 1, is 800 lb, but only 
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Fic. 32. Summary oF Forces anp Net HorsEPOWER PER CUBIC 

IncH PER MINUTE FOR THE 3-IN. DIAMETER, 12-TooTH, 25-DEG 

Hewrx Stas Having RaKe ANGLES AS INDICATED, WHEN d 

= 0.750 In. anp f = 0.0090 In. peR Tootu Curtine S.A.E. 3150 

Steet at 17 Rem (13.3 Fem), THE SULPHURIZED MINERAL- 
Larp OIL 


495 lb for the 8-tooth, 15-deg rake angle, 45-deg helix angle 
cutter. 

Tests With the 12-Tooth, 20-Deg Rake Angle Cutter. The tan- 
gential forces are shown on logarithmic coordinates in Fig. 2 for 
cutter No. 1, having the 20-deg rake angle for a width of cut of 2 
in. At the right, the forces are plotted over the depth of cut in 
inches as the variable for each of several feeds. These data for 
each value of feed give straight lines which are parallel and have 
a slope with the horizontal of an angle whose tangent is 0.77. 
This slope becomes the exponent of the variable d. The forces 
also are plotted over the variable feed in inches per tooth, in the 
center of Fig. 2, for each of several depths of cut. These lines are 
parallel and have a slope from the horizontal, the tangent of 
which is 0.688. This becomes the exponent of the variable /f. 
These straight lines on logarithmic coordinates, representing cut- 
ting force over variable depth and feed, conform to the general 
equation 


F = Kwdf" 
in which 
F = force, lb 
K = a constant depending upon the material cut and the 


cutter for this speed 


W = width of cut, in. 
d = depth of cut, in. 
f = feed, in. per tooth 


The equation for the tangential force 7 then is 
T = 


for this cutter, as shown with the other formulas in Table 1. 

Illustrative Problem. Find the tangential force on the milling 
cutter 3 in. in diameter having 12 teeth, 20-deg rake angle and 
25-deg helix angle, operating at 17 rpm when taking a cut in the 
annealed §8.A.E. 3150 steel 2 in. wide, 0.075 in. deep, and 0.0098 
in. per tooth feed. The logarithmic form of the above equation 
is 


log T = log 72,600 + log 2 + 0.77 (log 0.075) + 
0.688 (log 0.0098) 


From the logarithmic table, the mantissa of 72,600 is 0.86101, 
but as the number has five digits, the log has a characteristic of 
4, resulting in 4.86101. Also 


0.77 (log 0.075) = 0.77 (—2.87506) = 0.77 (8.87506 — 10) = 


6.83380 — 7.7 
and 
0.688 (log 0.0098) = 0.688 (—3.99123) = 0.688 (7.99123 — 10) = 
5.49795 — 6.88 
Then 
log T = 4.86101 + 0.30103 + 6.83380 — 7.7 + 5.49795 — 6.88 = 
2.91379 
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Fie. 33. Gross anD Net Power For Various AND 
or Cut For THE 15-Dea@ Rake, 12-Toota Heticat 


The number whose mantissa is 0.91379 is 82, but the characteris- 
tic 2 indicates three digits, so JT = 820 lb. 

From Fig. 2 the tangential force on this cutter may be read 
for any combination of feed and depth and is shown to be 770 lb 
for a width of 2 in., a depth of cut of 0.075 in., and a feed of 0.009 
in. per tooth, as recorded in Table 1. This tangential component 
is of most importance in determining the power required in slab 
milling when shallow cuts are taken. For convenience, the 
forces are plotted again at the extreme left of Fig. 2 over the 
feed in inches per minute for the various values of depth of cut. 

It is seen from this formula that, for any depth of cut, the 
tangential force increases with an increase in feed but at a lower 
rate. For example, for a depth of cut of 0.075 in., the force ® 
445 lb for a feed of 0.004 in. and a width of 2 in., but is only 710 
Ib for a feed of 0.008 in. The feed was increased 100 per cent 
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while the force increased only 60 per cent. Similarly, for a feed 
of 0.008 in. per tooth, the force is 885 lb for a depth of cut of 
0.100 in. and a width of 2 in., and is only 1500 lb, a 70 per cent 
increase, for a depth of 0.200 in. This shows why heavy feeds 
and depths of cut should be used trom a power-economy point 
of view and that an increase in feed is more economical than an 
increase in depth for this cutter. 

Corresponding values of axial (side-thrust) forces are plotted 
over depth of cut as the variable at the right in Fig. 3 and over 
the feed in inches per tooth in the center of the figure for the 2- 
in-wide cut. The slope of the variable-depth curve is 0.683, and 
of the variable-feed curve is 0.65, giving rise to the axial compo- 
nent equation 


A = 8820 


as shown in Table 1. 

Normal forces acting on the 20-deg rake angle cutter are shown 
plotted over depth of cut as a variable for each of seven values of 
feed on Cartesian coordinates in Fig. 4. The resulting curves 
have been found to conform to no simple mathematical equation 
and therefore are represented only graphically. For the lightest 
feed of 0.0037 in. per tooth (3/, in. per min), the normal force 
is shown to increase rapidly with an increase in depth of cut up 
to 0.075 in., to remain practically constant to 0.125 in., and then 
to fall off to zero for a depth of cut slightly in excess of 0.200 in. 
The normal forces for heavier feeds increase rapidly at shallow 
depths to a maximum and then fall off and become negative for 
the greater values of depth. Values reported here are considered 
of importance because of their influence on the design and con- 
struction of machine. tools and fixtures. The normal-force 
curves are replotted on Cartesian coordinates in Fig. 5 for various 
values of depth as the constant over the feed as the variable. 
The curves of this figure again are seen to be irregular and fall 
below the zero-axis for the larger values of depth of cut. 

Values of net horsepower have been computed from the gross 
and tare values of power, as taken from the wattmeter charts for 
the 20-deg rake cutter shown as No. 1 in Table 1. These values 
are shown plotted on log-log paper for various values of feed over 
the depth of cut in inches at the right in Fig. 6. A series of 
straight parallel lines is obtained which make an angle with the 
horizontal whose tangent is 0.825. Net horsepower values are 
then plotted for various depths of cut over the feed in inches per 
tooth as the variable in the center of Fig. 6. Again a series of 
straight parallel lines is obtained, the slope from the horizontal 
of which corresponds to an angle whose tangent is 0.825. This 
then would give an equation for net horsepower for this 20-deg 
cutter of 


Hp = 0.469 


For convenience, the values of net horsepower are. plotted over 
the feed in inches per minute for different values of depth of cut 
at the left in Fig. 6. From Fig. 6 the net horsepower for slab- 
milling the S.A.E. 3150 steel is shown to be 1.15 for a depth of 
cut of 0.200 in., a feed of 0.010 in., and a width of 2 in. 

Net horsepower to remove 1 cu in. per min has been computed 
and is plotted over the depth of cut in inches as the variable at the 
right in Fig. 7 and over the feed at the left. The slopes from the 
horizontal of the lines for various constant feeds over depth of 
cut as the variable correspond to an angle whose tangent is 
—0.175. Also, the values for various constant depths plotted 
over feed in inches per tooth have a negative slope corresponding 
to 0.175. From these two sets of curves, the equation for net 
horsepower per cubic inch per minute is 


Hp per cu in. per min = 0.469/d®-175 fe-175 


It is seen that, as the feed is increased 346 per cent from 0.0037 
to 0.0165 in. per tooth for a constant depth of cut of 0.200 in., the 


power per cubic inch of metal removed per minute is reduced from 
1.67 to 1.27, or 24 per cent. Also, it is seen from the central part 
of Fig. 7, for a feed of 0.010 in. per tooth, that, if the depth of cut 
is increased from 0.035 to 0.200 in., or 470 per cent, the horse- 
power per cubic inch per minute is reduced from 1.89 to 1.4. or 26 
per cent. 

Tests With the 12-Tooth, 15-, 10-,and 5-Deg Rake Angle Cutters. 
Various force and power values obtained with the 15-deg rake, 
25-deg helix angle cutter are shown in detail in Figs. 8 to 13, in- 
clusive. Equations in each case are developed which are similar 
to those for the 20-deg rake cutter, as shown on the graphs and 
summarized in Table 1. Figs. 14 to 19, inclusive, show the data 
obtained with the 10-deg rake, 25-deg helix angle cutter, and 
Figs. 20 to 25, inclusive, show those obtained with the 5-deg rake, 
25-deg helix angle cutter. 

These data, obtained with cutters of different rake angles, 
show that cutters having the high values of rake angles are de- 
cidedly superior to those of low rake angle, when considering 
forces and power consumption. The 5-deg rake angle cutter 
produced higher force values and required more power to drive 
it than the 20-deg rake angle cutter. These cutters may be com- 
pared for a light cut of 0.075 in. depth and 0.009 in. feed per tooth 
as follows: the 5-deg rake angle cutter requires 15.7 per cent 
more axial force, 18.1 per cent more tangential force, 72 per cent 
more normal force, and 6.4 per cent more power per cubic inch 
of metal cut per minute than the 20-deg rake angle cutter. 
Actual values of these forces are given below the formulas in 
Table 1. It is interesting to note that this increase in horsepower 
per cubic inch per minute is less than the increase in tangential 
force which, for light depths of cut, usually controls the power 
input.. In this case, however, the large increase in the normal 
force had the effect of changing the direction of the force com- 
ponent which resulted in the smaller power increase. 

When comparing these cutters at the heaviest cuts of 0.0165 in. 
feed per tooth and 0.200 in. depth, it was found that the 20-deg 
rake cutter was even more superior than when based on the light 
cut. With heavy feeds and depths of cut the 5-deg rake cutter 
required 17.5 per cent more axial force, 24 per cent more tangen- 
tial force, 24 per cent more power per cubic inch per minute, 
and the normal force was —750 lb for the 5-deg rake and only 
—600 lb for the 20-deg rake cutter. These force values, except 
for the normal forces, can be represented by mathematical equa- 
tions, which are summarized in Table 1. It should be noted that 
not only are the constants of the equation changed, but also the 
exponents of the feed and depth are varied as the rake angle is 
changed from 20 to 5 deg. 

For tangential and axial forces the lowest values of the expo- 
nents are most favorable, since they indicate more efficient re- 
moval of metal when taking heavy cuts. With the exception of 
the depth exponent for the axial force, all other exponents for 
these forces show favorable changes when the rake angle is 
changed from 5 to 20 deg. 

Tests With the 45-Deg Helix Angle, Eight-Tooth, and 15-Deg 
Rake Angle Cutter. To determine the influence of helix, further 
tests were run with cutter No. 5. Data obtained with this cutter, 
which had 8 teeth, a 15-deg rake angle, and a 45-deg helix angle, 
are shown in Figs. 26 to 31, inclusive. All equations, except 
those for net horsepower, are summarized in Table 1. 

In order that the same number of chips would be removed per 
minute with the 8-tooth cutter as with the 12-tooth previously 
reported on, cutting speed was increased by approximately 12/8 
to give 26 rpm, or 20.4 fpmi, as indicated in Table 1. These 
speeds were as close to the desired ratio as could be obtained by 
the change gears. While feeds in inches per minute were kept 
the same with the 8-tooth cutter as with the 12-tooth, the slight 
variation from the 12/8 ratio of speed gave a new series of feeds 
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in inches per tooth of 0.00361 as a minimum, compared with 
0.00368 for the 12-tooth cutter. Under these conditions, it is 
felt that the difference in performance of cutter No. 5, having 8 
teeth, 45-deg helix angle, and 15-deg rake angle, varies from that 
of cutter No. 2, having 12 teeth, 25-deg helix angle, and 15-deg 
rake angle, as a result of the change in helix. The small change 
in cutting speed would have little influence on the values of force 
and horsepower per cubic inch per minute but would affect the 
net power directly. 

Comparing the force values of these two cutters for a depth of 
cut of 0.075 in. and a feed of 0.009 in. per tooth, it is seen, from 
Table 1, that, when changing from 25 to 45 deg helix, axial force 
was increased from 155 to 195 lb, or 25.8 per cent; tangential force 
was reduced from 800 to 495 Ib, a decrease of 58 per cent; normal 
force was increased from 165 to 180 Ib, or 9 per cent; and horse- 
power per cubic inch per minute was reduced from 1.715 to 1.62, 
or 5.2 per cent. These results show in general that the 45-deg 
helix angle cutter is more efficient than the 25-deg cutter when 
considering the tangential force and power. These percentages 
are changed considerably when the cutters are compared for a 
heavy cut having a depth of 0.200 in. and a feed of 0.0165 in. per 
tooth. For this condition, axial force was increased from 440 to 
670 lb, or 52 per cent, while tangential force was decreased from 
2650 to 1900 lb, or 28 per cent. Normal force was increased 48.5 
per cent from a —700 to a —360 lb, and the power per cubic inch 
per minute required was increased from 1.36 to 1.39 hp, or 2 per 
cent. It would appear from these data that the 25-deg helix 
cutter was best for heavy cuts, while the 45-deg helix cutter was 
superior when taking light cuts. These saine conclusions may 
be reached when analyzing the exponents of the formulas for the 
25-deg and 45-deg cutters, as listed in Table 1. 


SUMMARY 


The net horsepower per cubic inch per minute was found to 
vary directly as Hp, = K/d*f’. Specific formulas for each cut- 
ter are given in Table 1. It is seen that the horsepower per cubic 
inch per minute changes with a change in rake angle. This 
change, however, produces a change in the constant K as well as 
the exponents of d and f. If the rake angle is reduced from 20 
to 5 deg, the constant increases directly from 0.469 to 0.591; the 
feed exponent increases directly from 0.175 to 0.216; and the 
depth exponent decreases directly from 0.175 to 0.042. It is 
interesting to note that, if this same direct decrease of depth ex- 
ponent is extrapolated, it would become 0 for 0-deg rake angle, 
thus indicating that, for a cutter with 0-deg rake, the depth would 
have no influence upon the horse power per cubic inch per minute. 
The total horsepower, then, would increase directly with the 
depth. These horsepower formulas indicate, by the value of 
their exponents, that 5-deg rake angle cutters are most efficient 
when using large feeds, while the 20-deg rake cutter is most ef- 
ficient when taking deep depths of cut. 


CoMPARISON OF RESULTS WITH OTHER EXPERIMENTS 


It is the intention of the authors at some time to present a 
comprehensive comparison of all data obtained by them on the 
subject of milling energy as a function of feed, depth, and tool 
shape. This study represents a continuation of work reported 
on in two previous papers’ (see footnote 4 on p. 545). Work 
along this line also has been done by other authors, and a 
thorough analysis of results and a direct comparison is desirable. 


CONCLUSIONS 


The following brief statements may indicate the conclusions 
arrived at from the results presented in this paper. It must be 
borne in mind that the material cut consisted of a hot-rolled 
annealed S.A.E. 3150 steel which was being cut by slab milling 


cutters of various shapes, as listed in Table 1, when a sulphurized- 
base cutting fluid was used. For each cutter, feed and depth oi 
cut were varied. Speed of cutting, however, remained constant, 
except for the 8-tooth, 45-deg helix angle cutter for which the 
speed was increased in order that the feed per tooth would re- 
main the same as for the 12-tooth cutters. 

(1) Tangential and axial forces, net input power at the cutter, 

and net horsepower per cubic inch per minute all can be repre- 
sented, as a function of depth of cut and feed, by mathematical 
equations, inasmuch as the data gave straight lines when plotted 
on double logarithmic paper (see Table 1). 
\, (2) Normal force was found not to vary directly with depth 
of cut and feed but to give curves starting at a minimum, rising 
to a maximum, and falling off to a minimum, in many cases 
negative, as the feed was increased for a constant value of depth 
or as depth was increased for a constant value of feed. For 
most of the heavy cuts the normal force becomes negative, that 
is, the cutter tends to lift the work from its support (See Figs. 4, 
10, 16, 22, and 29). 

(3) The cutter having the larger rake angle of 20 deg was 
found to be more efficient from a power and force point of view 
when taking both light and heavy cuts than the cutter having 
less rake but operating under the same conditions. The large- 
rake-angle cutter appeared to be more efficient than the small- 
rake-angle cutter for the heavier cuts than for the lighter cuts. 

(4) When cutting under similar conditions tangential force 
was found to be reduced in almost direct proportion as the rake 
angle of the cutter was increased from 5 to 20 deg (see Fig. 32). 

(5) Normal force is reduced also in almost direct proportion 
with an increase in rake angle. 

(6) Axial force remains practically constant while the rake 
angle is increased from 5 to 10 deg but is reduced rapidly in di- 
rect proportion for a further increase in rake angle. 

(7) Horsepower per cubic inch per minute is reduced in direct 
proportion to an increase in rake angle from 5 to 15 deg and is 
further reduced but at a slower rate as the rake is increased fur- 
ther to 20 deg. 

(8) Change in force or power, as feed and depth of cut are 
varied, is found to produce a change in the constant and the ex- 
ponents of depth and feed in the equations representing each 
factor. 

(9) For a light cut of 0.075 in. depth and 0.009 in. feed per 
tooth, and a 15-deg rake angle, a change in helix angle from 25 
to 45 deg produced an increase in axial force of 25.8 per cent, a 
decrease in tangential force of 58 per cent, an increase in normal 
force of 9 per cent, and a reduction in horsepower per cubic inch 
per minute of 5.2 per cent (See Figs. 8 to 13 and 26 to 31). 

(10) For this increase in helix, a heavy cut having 0.200 in. 
depth and 0.0165 in. feed per tooth, axial force was increased 5.2 
per cent, tangential force decreased 28 per cent, normal force 
increased 48 per cent, and horsepower per cubic inch per minute 
was increased 2 per cent. 
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Determining the Tool-Life Cutting-Speed 
Relationship by Facing Cuts 


By C. E. KRAUS! ano R. R. WEDDELL,? ROCKFORD, ILL. 


This paper presents the results of a series of tests made 
to obtain the tool-life cutting-speed relationship for a 
variety of high-speed steels when cutting a dense nickel 
castiron. The cuts were taken on the face of a segmented 
disk, and the conditions of the cut were selected to 
approximate the conditions of a face-mill cut. A mathe- 
matical analysis is included and the data are put in the 
form of the equation VT‘ = C. This method of testing 
has several advantages: The tests take less time, the point 
of failure is more definite when cutting cast iron, and ma- 
terial variations have practically no effect on the compara- 
tive accuracy of the data. Twenty-three steels were 
tested, ranging from 18-4-1 to supercobalt, including 
several molybdenum steels. A number of conclusions are 
given comparing tool life as affected by analysis. Also, 
the data are shown plotted on log-log. coordinates. All 
tests were run dry under identical conditions. 


HE tool-life cutting-speed relationship conforms to the 

mathematical equation V7" = C, in which V is the cutting 

speed, fpm; 7’ is the tool life, N is an exponent and is the 
slope of the curve plotted over values of 7 on log-log paper; 
and C is a constant dependent on the conditions of the cut. 
This equation may be obtained directly for a given set of condi- 
tions by a number of tests at various cutting speeds, on a cylin- 
drical test bar. 

When the primary object of such tests is to compare materials, 
accurate comparative data may be obtained with relatively 
small test bars. When the object of the tests is to compare tool 
materials, or the effect of their heat-treatment, or of cutting 
fluids on tool life, it is essential to have a material to be cut which 
is uniform for all tests. If it were not, certain control tests must 
be repeated at frequent intervals and corrections made to the 
data. A cylindrical log presents variations in two directions— 
from the outside to the center and from end to end. If the 
log is steel, carefully forged, normalized, and annealed, these 
variations are small. If it be of cast iron, the variations can 
easily be so large as to make reasonably accurate results almost 
impossible. 

This paper presents a method of testing and an analysis, which, 
it is believed, makes possible quite accurate results on cast iron. 
Data from one series of tests are included to illustrate the method. 


‘Chief Research Engineer, Ingersoll Milling Machine Company. 
Mem. A.S.M.E. Mr. Kraus was graduated from the University of 
Michigan, College of Engineering, in 1932 and received his master 
of Science degree in engineering in 1935. Formerly he was instructor 
in metal processing at the University of Michigan. 

* Manager Small Tool Division, Ingersoll Milling Machine Com- 
pany. Mem. A.S.M.E. 

Contributed by the Machine Shop Practice Division and presented 
at the Fall Meeting of Tae AMERICAN Socrery or Mecuanicat EN- 
SINEERS, held at Erie, Pa., October 4-6, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1937, for publication at a later date. 

on received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


The use of face cuts for determining tool-life data has been 
tried many times. With this method a tool is started at the 
center of a disk of material revolving at a constant speed and 
fed radially outward until it fails. The cutting speed for a given 
point is a function of both the speed in revolutions per minute 
and the radius, and the radius at the point of failure is a function 
of both the speed in revolutions per minute and the tool material 
for any given test conditions. If various tool materials are 
tested at a given number of revolutions per minute, the values 
for the radius at failure will be found to vary somewhat and it is 
usually assumed that the larger the radius the better the tool 
material. That this is not necessarily true is soon discovered 
when trying to correlate the results of such tests with the results 
of tests on cylindrical cuts, or results obtained from practice. 
Also, a different order for some of the tool materials is obtained 
if the speed of the test disks is changed. 


Fig. 1 


ASSEMBLED BLock or Nicket Cast [Ron 


This seeming lack of correlation is due to the change in slope 
of the cutting-speed-tool-life curves for the different tool mate- 
rials, and therefore the actual test data obtained from face-cut 
tests are of little value unless put in the form of the V7" = C 
equation. 


DescrRIPTION OF Test BLock AND PROCEDURE 


The specific series of tests presented in this paper were de- 
signed to compare various types of high-speed steels when cutting 
cast iron under conditions as approximating those encountered 
in face milling. 

It is planned to use tool-life tests of this type as a basis of selec- 
tion of high-speed steels and as a check on the heat-treatment 
given cutter blades. Eventually, other materials may be tested 
since it is well-known that the various high-speed steels react 
differently on different materials. 

The machine used was a 56-in. Bullard vertical turret lathe, 
belt-driven by a 20-hp a-c motor. Two faces of the turret were 
used, one for the cleanup tool and one for the test tool. The 
cleanup tool was used at slow speed and ground by hand as often 
as necessary to keep it reasonably sharp. 

Fig. 1 shows the assembled test block which was mounted on the 
table of the Bullard lathe. It is built up of eight sectors of a 


dense wear-resisting cast iron containing about 60 per cent steel 
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in the mix. The analysis of the iron was 2.90 to 3.10 per cent 
total carbon, 1.30 to 1.40 per cent silicon, 0.80 to 0.90 per cent 
manganese, and 1.20 to 1.30 per cent nickel. Transverse tests 
of this iron with a 12-in. span and a 1.2-in. diameter bar give a 
breaking load of 5150 lb with a deflection of 0.117 in. The 
tensile strength is 54,000 lb per sq in.; the modulus of elasticity is 
19,700,000 lb per sq in., and the average Brinell hardness is 269. 
A 1-in. space between sections gives an interrupted cut, roughly 
equivalent to face milling. 

In order to speed up the tests and conserve material the chip 
was turned over at right angles and a feed of 0.131 in. per revolu- 
tion was used with depth of cut 0.025 in. The effect on the tool 
is the same as if the feed was 0.025 in. and the depth was 0.131 in. 

High-speed steel fails when cutting cast iron by abrasion on 
the clearance face. As the abrasion continues, a flat is worn 
which, by rubbing against the work, develops considerable heat, 
and which in turn increases the rate of abrasion. When the 
temperature at the point of rubbing exceeds the draw point of the 
steel the abrasion is accelerated and complete failure soon follows. 
At the time this acceleration begins red-hot particles are visible on 
the work behind the tool. For relatively light cuts there is no 
point where it can be definitely said failure has occurred, as is 
possible when cutting steel or any material producing a crater 
type of failure. The only requirement for comparative tests is 
that the point, at which failure is assumed to occur, must be for 
the same amount of wear for all tools. For small depths or finish- 
ing cuts, a common method is to use a trailer tool set for a given 
wear and stop the test when it begins to cut. For these tests it 
was thought sufficiently accurate to watch carefully for the first 
signs of fire, since it was soon noticed that this point could be 
obtained after a little experience with an accuracy of less than 
one revolution of the work. However, it should be remembered 
that the tool wear at this point is rather more than is usually al- 
lowed in practice, and the results are, therefore, somewhat high. 
Another problem involved in testing cast iron is the change in 
chip area resulting from this tool wear. When making tests on a 
cylindrical bar the only accurate procedure is to clean up the 
full length of the cut at slow speed with, preferably, a carbide tool 
after each test. When this is done the depth of the chip gradually 
becomes less as the wear continues. If the feed is light compared 
to the depth, as is usual in face milling, most wear occurs in the 
direction of feed, and the chip area is little affected. When the 
feed is large compared to the depth, a slightly saucer-shaped sur- 
face is left when taking a face cut and the area of the chip is 
greatly affected if a plane surface was present at the start of the 
tests. In order to avoid this trouble it is only necessary to leave 
the saucer-shaped surface of the preceding cut, and no subse- 
quent cleanup cut need be taken over the surface cut by the test 
tool. The procedure followed in these tests was to clean up only 
enough inside of the point where fire was first visible, so as to 
insure the absence of hard tool particles which might be em- 
bedded in the work at that point. 

The accuracy of these tests is considered to be good. The 
maximum experimental error of the individual points was about 
5 per cent and the average error was about 2 per cent. The 
values of the constants are correct within about 2 per cent and the 
values of the exponents will vary somewhat more, especially as 
the exponent gets smaller. 


Toot MATERIALS 


Table 1 lists the tool materials tested divided into the follow- 
ing groups: Nos. 1 to 7, inclusive, are 18-4-1 steels in which it 
should be noted that steel No. 7 has higher than normal 
vanadium content. No. 8 is a permanent mold casting of high- 
speed steel the exact content of which isunknown. Nos. 9 to 12, 
inclusive, are 18-4-2 varieties. Nos. 13 and 14 are molybdenum 
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TABLE 1 ANALYSIS OF TOOL MATERIALS AND TEST RESULTS 
Tool Rockwell Cutting-speed- 
material — Analysis, per cent Cc tool-life 
no. Ww Cr V Mo Co hardness equation 
1 18.35 3.79 1.12 63.0 = 96 
2 18.00 4.00 1.00 62.0 VTi == 8696 
3 18.00 4.00 1.00 64.0 VT'/8.14 = 110 
4 18.00 4.00 1.00 64.5 8.84 = 110 
5 18.00 4.00 1.00 62.5 = 110 
6 18.00 4.00 1.00 63.5 87 110 
7 18.00 4.00 1.40 - Gare 63.0 VT1/12.4 = 102 
8 64.5 VT1/8.82 = 110 
9 18.00 4.00 2.00 0.50 62.5 110 
10 18.00 4.00 2.00 0.65 ial 64.0 VT1/%0 == 112 
ll 18.00 4.00 1.85 0.90 are 65.5 VT'/13.3 = 111 
12 65.0 VT1/18.5 = 110 
13 1.50 4.00 1.25 8.00 65.5 = 110 
14 2.50 4.00 1.35 8.00 65.0 115 
15 1.50 4.00 1.25 8.00 5.00 65.0 VT'/8.24 = 118 
16 12.50 4.00 2.10 a 2.75 62.0 VT1/8.16 = 107.5 
17 14.00 4.00 2.00 0.50 5.00 64.5 771/706 = 130 
18 18.00 4.00 1.00 = 3.16 66.0 VT1186 = 113 
19 18.00 4.00 1.00 0.50 5.00 63.0 VT1/0. = 123 
20 17.25 4.00 1.00 0.50 4.50 61.5 vrin = 123 
21 18.50 4.50 1.75 1.00 9.00 62.5 VT! 041 = 107 
22 20.50 4.50 1.30 0.60 12.25 65.5 VT1/12.4 mm 115 
23 18.00 4.50 1.40 0.70 10.00 63.5 VTi/12.1 = 12] 
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high-speed steels. No. 15 is a cobalt molybdenum steel and the 
remainder contain varied amounts of cobalt. The analysis 
given is in most cases the type analysis. 

Fig. 2 shows the tool angles used as standard for all tests, 
selected to duplicate the angles commonly found on face mills 
designed for cast iron. These angles may not be the most efficient 
for the material cut, but no effort was made to determine the 
best angles in this series of tests. 

The test tools were very carefully ground on a surface grinder, 
cutting dry. No temper color was allowed to show, and after 
failure the tools were ground off on the end about 1/1. in. by hand 
before regrinding in the surface grinder to insure unharmed stee! 
in the cutting edge. The tools were not touched with a hone as 
it is felt that honing is rarely practical with milling cutters, al 
though it is well-known that careful honing will increase tool 
life. 


Discussion OF RESULTS 


The data obtained from tests using the face-cut method are 
in the form of (1) values of R, revolutions per minute of the 
test block, and (2) corresponding values of r, the radius at the 
selected point of failure of the tool. These data are plotted 0 
log-log paper, as shown in Fig. 3, in order to determine the slope 
of the resulting straight line. 

For the tool shown, seven points were run and the data a® 
quite consistent. The number of points run per tool varied 
from five to eleven in one case and averaged about seven. Whe? 
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the data were erratic additional points were run until a reasonably 
accurate curve resulted. The slope of the curve on log-log paper 
plotted over the radius at failure gives the value of (1 + N)/ 
(1 —N). The corresponding value of N is shown in Fig. 4; for 
the tool shown (1 + N)/(1 — N) equals 1.185 and N equals 
'/y.. Substituting this value of N and a representative value 
of R and r from the curve it is but a few minutes work with a 
slide rule to determine the value of C, which in this case is 96. 

The resulting cutting-speed-tool-life equations are listed in 
Table 1 and are shown graphically in Figs. 5, 6, 7 and 8, inclusive, 
on log-log paper. It will be noted that the values of the con- 
stant C vary from 96 to 130, and the values of the exponent N 
vary from to 

Since the value of the constant is the cutting speed for a tool- 
life of 1 min, it is apparent that a high constant indicates a high 
resistance to abrasion at high temperature, and is therefore re- 
lated to the red hardness. The value of the exponent is the 
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slope of the curve plotted on log-log paper. A flat curve having 
4 low value of the exponent indicates greater wear resistance 
under more normal cutting conditionse Therefore, it follows 
that a high constant does not necessarily mean the best steel. 
The best combination is a high constant and a low exponent, but 
for a relatively long tool-life the low exponent has more effect 
on cutting speed than the high constant. 

Apparently a number of factors influence these values, and it is 
hot the intention of the authors to go thoroughly into this phase 
of the problem in this paper as the subject is too involved. How- 
ever, the various types of steels are separately discussed in the 
following paragraphs and some comments are made on the range 
of these values as influenced by the analysis. 
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Fig. 5 shows the curves for the 18-4-1 analysis steels. Steels 
Nos. 1 and 2 each have a constant of 96 and a slope of about !/,;. 
Steels Nos. 3 to 6, inclusive, fall into another group having a 
constant of 110 and slopes of about '/s5. Steel No. 7 should 
more properly be plotted on Fig. 6 since it has considerably more 
than 1 per cent vanadium and its curve will be found to fall in 
the middle of the 18-4-2 group of curves. It will be noted that 
there is more uniformity in the 18-4-1 group than in any other, 
which may be attributed to more nearly standardized heat-treat- 
ment commonly used. Steel No. 8 is rather interesting. It is 
made by melting cuttings of high-speed steel, adding alloying 
elements as may be required, and casting in metal molds. The 
resulting casting may or may not be heat-treated, but in many 
cases better results are obtained in the “as-cast’’ condition. For 
the test conditions here reported this material gives the same re- 
sults as the ordinary 18-4-1 steel. 

Fig. 6 shows four 18-4-2 steels which fall apparently into two 
groups. The constants however are alike and the same as the 


largest 18-4-1 group. Steels Nos. 9 and 10 have exponents of 
about '/, while Nos. 11 and 12 have exponents of about 1/j45. 
The average slope is flatter than for the 18-4-1 steels, and the 
addition of the extra vanadium appears very much worth while. 
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Fig. 7 shows curves for three molybdenum steels. Nos. 13 and 
14 contain 8 per cent molybdenum, and steel No. 15 contains, 
in addition, about 5 per cent cobalt. All three have slopes com- 
parable to the 18-4-1 group, but have a somewhat higher average 
constant. 

The greatest variety, both in results and analysis, is found in 
the cobalt-steel group plotted in Fig. 8. This group can be sub- 
divided as follows: Nos. 16 and 17 are of a 14-4-2 type with 
2.75 and 5 per cent cobalt, respectively. Nos. 18, 19, and 20 are 
of an 18-4-1 type with about 5 per cent cobalt added. Nos. 21 and 
22 contain 9 and 12.25 per cent cobalt, respectively, and more 
than 1 per cent vanadium. It is immediately apparent that 
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the results will not correlate with the analysis. The authors on 
other occasions have many times run tests on some of these 
steels with the same results, but of a different order. For ex- 
ample, steel No. 21, which is one of the two lowest in these tests, 
is consistently one of the best on tough steels. In general, too, 


tool bits of the same brand will show less uniformity from bit to 
bit than other classes of high-speed steel, although any given bit 
will duplicate results test after test with better than average 
accuracy. The average value of the exponent for the group is 
lower than that for the 18-4-1 group and about the same as that 
for the 18-4-2 group. The average value of the constant is con- 
siderably higher than the other groups. 

In order to better compare the different types of high-speed 
steels tested, a few selected curves have been plotted on a modi- 
fied log-log scale in Fig. 9. The curve labeled 4, 6, and 8 repre- 
sents the majority of the 18-4-1 steels and also represents No. 13 
which is a molybdenum steel. The other two molybdenum steels 
Nos. 14 and 15, are a little higher on the scale. The dashed line, 
for steels Nos. 9 and 10, is in about the same place and represents 
two of the 18-4-2 steels. The curve for steels Nos. 11 and 12 also 
represents 18-4-2 steels. The lowest and the highest curves 
shown are for cobalt steels. Fig. 9 shows the very large variation 
in results obtained from these steels. At a cutting speed of 70 
fpm, the tool life may range from 35 to 750 min and for a tool life 
of 600 min the cutting speed may vary from 50 to 72 fpm. 


CONCLUSIONS 


A number of conclusions may be drawn from the work reported 
and are listed as follows. The conclusions drawn are rather 
general, but will apply strictly only for the conditions of the tests 
reported: 


1 Face-cut tests for determining tool-life data appear to be 
very advantageous when cutting cast iron. 

2 Such tests have proved fast and accurate. 

3 Data obtained by the face-cut method may easily be put 
into the usual form of equation V7'* =C. 

4 When cutting a chip 0.131 X 0.025 in. with an interrupted 
cut in a dense nickel cast iron, cutting dry, the following com- 
parisons of the performance of various types of high-speed steels 
may be made: (a) As a group, the 18-4-1 steels gave the most 
consistent results. (b) Increasing the vanadium content lowers 
the exponent, increasing the tool-life in the usual range of cutting 
speeds. (c) The molybdenum steels are slightly better than 
the 18-4-1 and not as good as the 18-4-2 steels. (d) The least 
consistent results were obtained with the cobalt steels; some 
were inferior to the 18-4-1 group. The average cobalt steel has 
a higher constant than other types. 
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This paper presents a rapid and accurate method for de- 
termining the total input to a machine supplying a pre- 
determined variable output. While the method is adapt- 
able to any variable load condition, it is concerned pri- 
marily with the adaptation of the method to Diesel and 
steam electric-generating stations. 

Essentially the method consists in using a load-duration 
curve of the load studied together with an input-output 
curve for the Diesel engine or steam equipment considered 
for supplying the load. By the use of these two curves and 
mechanical projection, a duration curve of input is de- 
veloped. The area under the load-duration curve is pro- 
portional to the total output of the plant for the period 
considered, and similarly the area under duration curve 
of the input is proportional to the total input. 

Where plant load-duration curves can be prepared cover- 
ing an entire year’s operation, this method provides a 
means for predetermining the total amount of fuel neces- 
sary to generate this quantity of energy. The accuracy of 
the method is influenced by the accuracy of the load-dura- 
tion curves available, and the errors involved in the input- 
output curve used. 

A brief discussion is included which indicates the adapt- 
ability of the method to other uses than those to which 
the paper is primarily devoted. 


generating plants, by the organization with which the 

writer is associated, have shown the need of a rapid method 
for obtaining the average performance of a contemplated instal- 
lation over a variable yearly load cycle. In speaking of the per- 
formance of a particular generating station we constantly refer to 
“Btu per kwhr generated” when discussing steam prime movers 
or “kwhr per gallon of fuel oil” for Diesei prime movers. After 
the station is in operation, these figures are readily obtainable 
from the plant performance record. It is only when we attempt 


) NGINEERING studies of steam- and Diesel-driven electric 


' Associate engineer, Burns & McDonnell Engineering Co. Mr. 
Boyer was graduated in 1925 from Montana State College with the 
degree of B.S. in electrical engineering. In 1932 he was awarded 
the professional degree of mechanical engineer by the same in- 
stitution. He served for a year in the advanced course in engineer- 
ing with the General Electric Co., and in 1926 entered the valuation 
department of the Kansas City Power & Light Co., later being 
transferred to the underground-construction department in charge 
of estimating and cost accounting. He resigned in 1928 to become 
designing engineer for the American Eagle Aircraft Corporation. 
In April, 1929, he was appointed factory superintendent and resi- 
dent engineer for the Saul Aircraft Corporation, Carroll, Iowa. 
Since 1930 Mr. Boyer has been associated with his present concern 
where his duties cover electrical, power-plant, and distribution-design 
problems. 

Contributed by the Oil and Gas Power Division and presented at 
the Semi-Annual Meeting of THe AMERICAN SocigtTy oF MECHANICAL 
Exanerns, held in Dallas, Texas, June 15 to 20, 1936. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until December 10, 1937, for publication at a later date. Discussion 
teceived after this date will be returned. 

OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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Analyzing Variable Loads in Steam- 
and Diesel-Power Plants 


By GLENN C. BOYER,' KANSAS CITY, MO. 


to predetermine this information for a proposed installation op- 
erating under known or assumed conditions that difficulties 
appear. 

The difficulties arising in connection with the problem result 
from the fact that the load served by an electric-generating plant 
varies. In most instances that have come to the writer’s atten- 
tion, the maximum load carried by a plant ranges from 4 to 6 
times the minimum load during the period of one year. Recent 
studies of a midwestern generating plant having a 60 per cent 
annual load factor, showed a ratio of 4 to 1 from maximum to 
minimum load. The load factor of the plant appears to bear no 
relation to the spread between maximum and minimum load on 
the plant. 

In another instance the maximum load on a small generating 
plant was 1050 kw, and the minimum load 175 kw, or a ratio of 
6 to 1 from maximum to minimum load. During this same year 
the plant produced a total of 3,854,400 kwhr and the annual load 
factor was 41.9 per cent. It was desired to make certain improve- 
ments in generating equipment in this plant operating with steam 
prime movers at 175 lb per sq in. gage pressure, and it became 
necessary, therefore, to estimate accurately the performance of 
contemplated equipment in order to make a comparison with 
present performance. 

When discussing load variation in a generating station, the 
tendency has been to attempt to show load variation by means of 
daily load curves. Fig. 1 contains two daily load curves for this 
plant for the maximum and the minimum day during one year. 
While these load curves show what happened throughout the 24 
hours of two specific days, they can never give a complete picture 
of the load variation which that plant was called upon to furnish 
throughout the year. In order to present the complete story of 
load variation, it will require not two but 365 daily load curves. 
Should the attempt be made to plot all 365 curves on Fig. 1 they 
would interlace to the point of being meaningless. 

The first necessity, therefore, is a means for presenting the load 
variation for a total of 8760 hours, or one year, in such a manner 
that the data will be of value. The load-duration curve, Fig. 2 
is the best-known means for presenting the variation in load for 
any period of time in a manner that lends itself to ready interpre- 
tation. As plotted in Fig. 2, any point on this curve shows the 
per cent of the total hours in the year when the load exceeded a 
given value. Thus, while the peak load on the plant was 1050 
kw the load exceeded 575 kw 20 per cent of the time, and 450 kw 
50 per cent of the time. , 

While reference has been made to the load-duration curve in 
various published literature of the major engineering societies, the 
paper by H. Alden Foster (1),? and the article by A. G. Christie 
(2), are the best that have come to the writer’s attention. Since 
these papers present the duration curve in detail, particularly 
with regard to its development, that phase will not be dwelt upon 
here. 

It should be pointed out in passing, however, that since the ab- 
scissa or horizontal axis of the duration curve, Fig. 2, represents 
time and the ordinate or vertical axis represents load, the area 

under the curve represents power output. This property of the 
curve will be referred to in greater detail later. The load-dura- 
- * Numbers in parentheses refer to Bibliography at end of paper. 
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tion curve can also be employed as a graphical representation of 
annual load factor since the ratio of the area under the duration 
curve to the area of the rectangle bounded by the X and Y axes, 
the abscissa for the maximum load on the plant and the ordinate 
for 100 per cent total hours in the year is annual load factor. 


APPLICATION OF DIESEL ENGINES 


In the consideration of an improvement program for the elec- 
tric-generating plant previously referred to, it is desirable to 
know the kilowatt hours generated per gallon of fuel oil during a 
year’s period if Diesel prime movers were used in place of steam 
turbines. The load-duration curve in Fig. 2 was derived from the 
operating data for this plant and will be employed in the analyti- 
cal method presented in this paper. In addition to the load- 
duration curve the guaranteed performance data for the Diesel- 
engine unit or group of units under consideration is also necessary. 

For this particular plant, one of the plans under consideration 
utilized two Diesel-engine generating units each having a full-load 
capacity of 870 kw. The operating schedule called for the second 
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unit to be started when the plant load reached 750 kw and the 
plant load above this value was to be divided equally between the 
two machines. With this operating schedule and the fuel guaran- 
tees of the units under consideration, a curve of engine perform- 
ance can be plotted with plant load in kilowatts as the ordinate 
and gallons of fuel oil per hour as the abscissa. 

In the lower right-hand corner of Fig. 3 is reproduced the load- 
duration curve from Fig. 2, and in the lower left-hand corner of 
Fig. 3 is plotted the performance or input-output curve for the 
group of generating units considered. In plotting the load- 
duration curve the abscissa values increase in the right-hand di- 
rection from the origin, while in the case of the input-output 
curve the abscissa values increase in the left-hand direction from 
the origin. The values for the ordinates are common to both 
curves. 

With the use of these two curves and elementary mechanical 
projection, a third or fuel time is developed in the upper right- 
hand corner in which the abscissa is per cent total hours and 


the ordinate is gallons of fueloil perhour. The mechanics of the 
development of the fuel-time curve is shown by means of the 


dashed lines and arrows for locating one point on the curve. 
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Fundamentally, this curve shows the per cent of time during 
which the rate of burning fuel oil exceeded a certain number of 
gallons per hour. Since the abscissa of this fuel-time curve is 
time and the ordinate rate of oil consumption, the area under the 
curve is proportional to the quantity of fuel oil consumed in gen- 
erating the quantity of electrical energy represented by the area 
under the load-duration curve. This proportion is readily ob- 
tained. If, for example, one inch horizontally represents 20 per 
cent of the total hours in the year or 1752, and one inch vertically 
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Fie. 3. Dieset-ENGINE ANALYSIS 


represents 10 gallons of fuel oil per hour, then one square inch of 
area under the fuel-time curve represents 17,520 gallons of fue 
oil consumed. 

For office use the three curves on Fig. 3 are plotted on a sheet 
of cross-section paper approximately 17 in. X 20in. Since stand- 
ard cross-section paper divided 10 X 10 to the inch is available 
rolls 20 in. wide, no difficulty is experienced in obtaining sheets 
practically any dimensions for developing the curves in Fig. 3. 
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OIL AND GAS POWER 


Areas under the load-duration and fuel-time curves can be ob- 
tained either by the use of a planimeter or by counting squares. 
From curves developed in connection with this analysis for Diesel- 
engine-generating units, the following information was obtained. 


TABLE 1 SUMMARY OF DIESEL-PLANT ANALYSIS 


Total energy generated (actual), kwhr.............. 3,854,400 
Total energy generated (area under curve), kwhr... 4,150,000 
Total fuel oil consumed (area under curve), gal...... 351,000 
Kilowatthours generated allon oil oe « 11.85 
351,000 
Over-all plant efficiency, per cent....... 29 


It is seen from Table 1 that an error of 7.5 per cent is intro- 
duced in development of and determination of the area under the 
load-duration curve. For analytical purposes, all calculations 
are based upon the areas found under the various curves, due to 
the fact that an error introduced into the load-duration curve is 
automatically reflected in the fuel-time curve. By using the 


_ values determined from the curves, the per cent error in the figure 


for kilowatthours generated per gallon of fuel oil is less than if 
the actual kilowatthours generated and the value for the total 


- fuel oil consumed as determined from the fuel-time curve are 


employed. By using the latter combination of values a 7.5 per 
cent error is automatically introduced into the value for the quan- 
tity of fuel oil consumed, without any compensating error in the 
quantity for total generation in kilowatthours. 

The input-output curves for contemplated improvements em- 


_ ploying other sizes of generating units could be plotted on the 


lower left-hand portion of Fig. 3, and their respective fuel-time 
curves developed. These would enable the designing engineer to 
readily select the most economical combination of units from the 
fuel-economy standpoint. 


APPLICATION TO STEAM TURBINES 


Although somewhat more involved, the same procedure can be 
used for the study of contemplated steam-plant improvements. 
With the load-duration curve in Fig. 2 and the heat-balance 


_ calculations for a proposed steam cycle utilizing a 2000-kw tur- 


bine operating at 400 lb per sq in. gage, 750 F total temperature 


_ anda 28 in. vacuum, the basic information is available for starting 
 Fig.4. As in Fig. 3, the load-duration curve, Fig. 2, is plotted in 


the lower right-hand corner and the input-output curve for the 
steam cycle is plotted in the lower left-hand corner. The steam- 


_ time curve is then developed by means of mechanical projection 


immediately above the load-duration curve. It is necessary to 


' consider the efficiency of the boiler to know the quantity of fuel 


which would be burned. By plotting an input-output curve for 
the boiler to the immediate left of the steam-time curve and above 
the input-output curve of the steam cycle and by mechanical 
projection, a fuel-time curve is developed. The boiler input- 
output is based upon the use of bituminous coal running 9000 
Btu per lb and a boiler with 4000 sq ft of heating surface exclusive 
of the superheater. 

The three curves to the right of the major vertical axis consisting 
of the load-duration curve, based upon actual operating data, and 
the steam-time and fuel-time curves which were developed me- 
chanically, afford a complete picture of the operation of the pro- 
posed plant under known load conditions. From them can be 
obtained the following information: 

(2) Total kwhr generated as well as maximum and minimum 
station loads in kw. 

(}) Total steam produced by the boilers as well as maximum 
and minimum rates of steam production. 


(¢) Total coal burned as well as maximum and minimum 
Tates of burning. 
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From the curves developed in Fig. 4, Table 2 was formulated. 


TABLE 2 SUMMARY OF STEAM-PLANT ANALYSIS 


Total energy generated (actual), kwhr.......... 
Total energy generated (area under curve), kwhr 


Total steam required (area under curve), lb.... 55,950,000 
Total coal 9000 Btu per lb (area under curve). 10,510,000 
Pounds steam per kwhr generated 13.5 
Pounds coal per kwhr 2.54 
Btu per kwhr generated............ 22,800 
Plant thermal efficiency, per cent............. 15 
Rate of steam production, maximum, lb per hr. 11,750 
Rate of steam production, minimum, lb per hr. 4,000 
Rate of coal consumption, maximum, lb per br... 2,100 
Rate of coal consumption, minimum, lb per hr. ‘ 875 
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When applied to existing equipment ina small steam-generat- 
ing station the results in terms of pounds of coal per kilowatt- 
hour generated obtained by the foregoing analytical method have 
checked within a range of 7 to 10 per cent of actual coal consump- 
tion. 


OTHER APPLICATIONS 


The analytical method outlined in this paper may be applied 
to any power study where it is desired to obtain either the input, 
output, or efficiency curve of any power-generating or consuming 
unit when data for two of the curves are available. For example, 
this method has been used by the author for determining the 
electrical input to a motor-driven pump for waterworks service, 
when the variations in rate of flow and the pumping head were 
known. 

It is rapid, reasonably accurate, and permits direct comparison 
of any number of proposed power schemes for supplying any 
variable load. 
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Supplementary Data 


PPOLLOwING the preparation of this paper for presentation 

before the Semi-Annual Meeting of the A.S.M.E. at Dallas 
in June, 1936, the Oil and Gas Power Division reviewed it and 
suggested inclusion of several points not specifically mentioned in 
the original draft of the paper. These points together with the 
author’s discussion of them follow: 


1 Reduction in Diesel-Engine Capacity Due to Altitude. 


The only effect this would have would be to shift the location 
of the input-output curve in Fig. 3 to the right when the unit was 
operating at elevations greater than 1500 ft above sea level. 
The amount of shift in this curve would be dependent upon the 
specific conditions governing a particular case. Needless to say, 
it is impossible to cover all of the variations which can occur in 
the development of an input-output curve for a particular in- 
stallation. The necessary adjustments and variations must be 
made by the one using this analytical method in light of the 
guaranteed performance of the equipment in question in a spe- 
cifie location. 


2 Loss of Capacity Due to Summer Temperatures. 


All Diesel-engine guarantees are subject to a tolerance of 5 per 
cent as a standard practice, with the air-intake temperature not 
exceeding 90 F. Air temperatures in excess of this figure will re- 
sult in additional losses in the unit. Compensation for higher 
temperatures during summer months involves so many variables 
and unknown factors that the author has found it advisable to 
ignore it in this analytical method. Ignoring it adds an error in 
the analysis. However, the error involved in neglecting tem- 


perature conditions above 90 deg was felt to be of such slight con- 
sequence that it could be done safely. 


3 Loss in Diesel Efficiency After 2 or 3 Years’ Operation. 


Here again is a question that should be viewed in the light of the 
use an engineer makes of this analytical method. If, as is the 
case with most of the author’s activities, the method is used for 
comparative purposes, all equipment must be compared on a 
common basis. Consequently, the comparison may be made 
without reference to future conditions. After an analysis con- 
cerning a Diesel engine has been made for one condition, an al- 
lowance can readily be made for loss in efficiency, if in the opinion 
of the engineer making the analysis such an allowance is necessary 
in the light of the problem in hand. 


4 No Allowance Made for Plant Auciliaries. 


Allowance was made for auxiliaries driven by steam in the case of 
the steam-power analysis. Such an allowance was not made for 
electrically operated pumps in the case of the Diesel plant. In 
either instance, the curves consider the gross electrical output of 
the plant. 


5 No Consideration Given to Occasional Outage of Units. 

This is correct. In the interest of simplicity in presenting an 
analytical method, many possible combinations of units were not 
considered. If the units in a particular plant are all of the same 
size this question of outage of a unit will have no bearing on the 
analysis. If several sizes of units are in operation or under con- 
sideration, analyses will have to be made for the various possible 
combinations of units and some ‘‘horse sense’’ used in interpreting 
the results obtained. 


6 Weight per Gallon of Fuel Oil Used. 


The fuel considered for this analysis was Standard Oil Company 
special Diesel fuel ranging in gravity from 28 to 30 API, weight 
7.29 lb per gal, Btu per gal 140,000. 


7 Steam Analysis—Plants With More Than One Turbine andy 
One Boiler. 


This is only an extension of the method of analysis already cov- 
ered in the paper. It has been the intention of the author to 
attempt to explain an analytical method and illustrate it with as 
few examples as possible in order to make the method clear to 
other engineers who might want to use it. Consequently the 
writer purposely omitted many analyses which might properly 
have been included in this paper. Likewise, much discussion of 
points not bearing directly on the analytical method was omitted 
for the sake of brevity and clarity. The author recognizes that 
this analytical method is only one tool for the engineer's work 
kit. To cover all of the elements having a bearing on the analy- 
sis of a problem involving variable loads was obviously impossible 
and the question foremost in the author’s mind in preparing the 
article was just where to stop. 
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Experimental Investigation of the Influence of 
Tube Arrangement on Convection Heat 


Transter and Flow Resistance in Cross 


New measurements of the convection heat-transfer rate 
between gases and tube banks, with corresponding pres- 
sure drop for transverse flow have been made as part of a 
research program? of the Babcock & Wilcox Company to 
determine the effect of varying the spacing of tubes of 
identical size. This portion of the program was conducted 
by the Babcock & Wilcox Company in the mechanical- 
engineering laboratories of Rensselaer Polytechnic Insti- 
tute. Thirty-eight arrangements of tubes were tested, 
differing in center-to-center spacing in the direction of 
flow and transversely, and these are shown in Fig. 1. The 
spacing, for both in-line and staggered tube rows varied 
from the closest practicable to three tube diameters. 
Each bank with two exceptions comprised ninety tubes, 
arranged in ten rows transverse to the air stream, each 
row containing nine tubes. These tubes were 0.31 in. 
in diameter and uniformly heated electrically throughout 
the 9'/,-in. length from which heat was transferred to a 
cool air stream. Heat input to the bank as indicated by 
wattmeters in the supply line was held constant at 72,000 
Btu per hr while the air mass flow was varied. One excep- 
tion included two tube banks in which the depth of the 
bank was varied from ten rows to one row with the same 
heat input per tube. In the other exception the heat in- 
put was reduced to 18,000 Btu per hr. Incidentally, the 


pressure drop was also determined for zero heat input. 


Test Metuop 


HE EXTENDED testing of a large number of tube arrange- 

ments was made economically possible by the use of these 

small-scale model banks. Rational deductions indicate 
model tests should yield full-scale results for both convection trans- 
fer and flow resistance with gaseous fluids if tests are conducted at 
full-scale Reynolds numbers. The Reynolds number may be 
written 


‘ Analytical Engineer, Babcock & Wilcox Company. Dr. Pierson 
was graduated with a B.S. degree from the University of Nebraska, 
and m 1932 was appointed to a fellowship at Rensselaer Poly- 
technic Institute where he received the degrees of M.M.E. and 
D.M. Experimental work done at R.P.I. in heat transfer de- 
veloped the methods used in the investigation reported in this paper. 
Dr. Pierson has been associated with Babcock & Wilcox Company 
Since 1935. 

*The Babeock & Wilcox Company’s research program on con- 
vection heat transfer and flow resistance in cross flow of gases over 
tube banks includes (1) the experimental investigation of the influ- 
ence of tube arrangement, (2) experimental investigation of effects 
of equipment size, and (3) correlation and utilization of new data 
regarding this subject. All three phases of the program are reported 


Flow of Gases Over Tube Banks 


By ORVILLE L. PIERSON,’ NEW YORK, N. Y. 


Heat-transfer rates are reported in terms of the relation 
of the Nusselt number to the Reynolds number; and the 
pressure drop is reported in terms of the relation of the 
Fanning-equation friction factor to the Reynolds number. 
The Reynolds number was varied from 2000 to 40,000 to 
include the range of commercial practice, and in view of 
the small scale of the apparatus, this was accomplished by 
the use of air under pressure in a closed chamber. 

These tests have demonstrated that both convection 
heat transfer and flow resistance of tube banks vary mark- 
edly with changes in tube arrangements, no simple state- 
ment of the variation being possible. It was also found 
that the rate of change of these characteristics with 
changes in the Reynolds number was regularly related to 
the tube arrangement. The air-boundary convection con- 
ductance was found to increase approximately as the two- 
thirds power of the Reynolds number. The actual expo- 
nent ranges from about 0.55 to 0.80, varying in some few 
cases with Reynolds numbers as well as with the tube 
arrangement. Friction factors were also found to vary 
with the Reynolds number. The relation ranges from the 
0.2 power to about the -—0.3 power when friction factors 
are expressed as exponential functions of the Reynolds 
number. The relation between the friction factor and 
the tube spacing is not the same as that for conductance 
of the gas boundary, and there is no consistent relation 
between pressure drop and heat-transfer rate. 


where D = characteristic dimension of tube bank, such as the 
tube diameter; p = specific weight of fluid; V = fluid velocity; 
and » = absolute viscosity of fluid. 

It is apparent that a decrease in D may be compensated in sev- 
eral ways. One is to increase V, but it soon approaches values 
where compressibility effects introduce uncertainties. The vis- 
cosity may be varied by changing fluids, but gases offer little 
choice in this regard and the use of totally different fluids greatly 
complicates the situation. The method of maintaining full-scale 
Reynolds numbers used in the present case increased the specific- 
weight term by compressing the gas, using the same gas and velo- 


in this issue of the A.S.M.E. Transactions; the first by the author, 
the second by E. D. Huge, and the third by E. D. Grimison. See 
footnotes 3 and 4 on pp. 569 and 570, respectively, of this paper. 

Contributed by the Heat Transfer Committee of the Process In- 
dustries Division for presentation at the Annual Meeting of THE 
AMERICAN Society oF MECHANICAL ENGINEERS, to be held in New 
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Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 W. 39th St. New York, N. Y., and will be accepted 
until December 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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Staggered Tube Banks 


In-Line Tube Banks 


Fie. 1 Tuirty-E1igut ARRANGEMENTS FOR WHICH FLow- 
RESISTANCE AND ForceD CONVECTION CHARACTERISTICS WERE DE- 
TERMINED FOR REYNOLDS’ NUMBERS BETWEEN 2000 anp 40,000 


cities as characterize the prototype. This technique has been 
employed in flow studies in other fields with good results and earlier 
work by the author had developed it as applied to convection 
heat transfer. 

The circulation of the air past a cooler makes it possible to 
evaluate the heat absorbed by the air, a useful heat-balance check 
on the heat input from the electrically heated tubes. To convert 
hourly heat per square foot of surface to air-boundary conduct- 
ance, temperatures must be known with adequate accuracy; also 
to insure correct values of hourly heat, accuracy of other measure- 
ments must be assured within acceptable limits. The small scale 
of the apparatus imposed the need of special precautions. 

It was early recognized that measurement of solid-surface tem- 
peratures was one of the chief sources of error. Detailed studies 
were made of several possible methods before deciding to deter- 
mine tube temperatures from changes in electrical resistance of 
the tube itself. Tests made with thermocouples attached to the 
surface revealed a marked variation in temperature around the 
circumference of the tube, a condition verified by measurement of 
the very small bending distortion caused by heating the tube under 
test conditions. The electrical-resistance method gives a true 
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average of the temperatures for the entire surface as has since been 
rigorously demonstrated by J. O. Jeffery in Bulletin 21 of the Cor- 
nell Experiment Station. Tubes were originally prepared for 
temperature measurement and calibrated by Leeds and Northrup 
Company who supplied the Kelvin bridge used in the observa- 
tions. Details of these tubes and of the ordinary tubes are shown 
in Figs. 2and3. The calibrations were checked during the test 
program by independent methods discussed later where a sample 
calibration curve is shown in Fig. 19. 

Comparable efforts were made to maintain absolute accuracy 
in other important observations. Details of these special tests of 
accuracy and unusual calibrations are given later but some re- 
quire brief mention here. The thin-plate orifices were carefully 
calibrated and tests made to check air leakage in duct work be- 
tween the tube bank and orifice. Air-stream temperatures were 
observed by five resistance pyrometers located under widely differ- 
ent conditions. Heat quantities were determined at four points, 
three of them completely independent. These heat quantities 
were all in good agreement as shown by the sample plot of them 
against air flow in Fig. 18. To be certain that the ten tube tem- 
peratures observed were representative of the entire bank, ex- 
tended studies were made of heat distribution among the tubes 
and of air-flow distribution over them. Both distributions were 
repeatedly demonstrated to be uniformly good and unaffected by 
changes in test conditions. Similar flow explorations were also 
made before locating the impact tubes used in measuring the 
pressure drop across the bank, assuring observations free from 
error. All instruments used were, of course, calibrated and 
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checked periodically as explained in a section devoted to calibra- 
tions. 

It is to be noted that the variation of heat input from 72,00 to 
18,000 Btu per hr which changed tube temperatures, and the opera 
tion at zero heat input resulted in considerable new information 
on the effects of temperature, especially on flow resistance. 

The method with its apparatus is well-adapted to much ad- 
ditional experimental investigation which it has not been possible 
to include in the present work. Thus, for example, air could be 
replaced by hydrogen or carbon dioxide as the circulated gas 0 
secure valuable data on the effects of changes in physical prope! 
ties of the fluid. Additional tests by the present methods 0 
some irregularly arranged tube banks would be of interest * 
would be an extended study in which the flow through the bank 
varied from cross flow to longitudinal flow. Effects of bank depth, 
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flow approach conditions, and temperature levels have been par- 
tially studied in the present program but it is recognized that these 
studies are incomplete. With some modification of the apparatus 
temperatures could be varied over a wider range and information 
secured for transfer from hot afr streams to cold tubes under con- 
ditions comparable to the present procedure. 

The work here reported has covered in a comprehensive and 
systematic manner effects of tube arrangement and spacing. Be- 
cause the extended nature of this investigation has resulted in a 
great mass of detailed information, this report, in the interest of 
brevity, is confined to only those results of major importance and 
general interest. For the same reasons it has been impract cable 
to detail the original observations from which the plots of results 
have been calculated although it is recognized that a complete 
tabulation would be of great value to those interested in further 
analysis of the data. 
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Fic. 4 ARRANGEMENT OF APPARATUS 


APPARATUS AND OBSERVATIONS 


The arrangement and operation of the appa- 
Tatus are most readily followed by reference to 
Figs. 4, 5, and 6. All of the main working 
parts were enclosed in a specially designed pres- 
sure vessel 42 in. in diameter and 9 ft long. 
The specific weight of the air circulated through 
the tube banks could thus be controlled by 
varying the tank pressure between atmos- 
pheric and the design limit of 175 lb per sq in., 
unconditioned room air being supplied by a small 
reciprocating compressor. The tank was fitted 
With a flanged and bolted head to permit in- 
stallation of the apparatus, but access was 
hormally through the two standard manholes 
shown. One of these provided for care of the 
fan motor while the tube banks were set up in 
the apparatus through the other manhole after 
being largely assembled outside of the tank. 
Instrument, power, and water connections were 
tarried through the tank shell in suitable air- 
tight fittings. 
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The apparatus was essentially a small wind tunnel with added 
provisions for metering the total air flow and for cooling the air 


after it had been heated in the bank. Instruments were installed 
for the observation of all quantities as detailed in later para- 
graphs. Referring to Fig. 4, the high-specific-weight air ap- 
proached the tube banks through the well-rounded tunnel inlet 
and the parallel-sided approach section. After absorbing heat 
in the tube bank it reached the Aerofin form of fin-tube cooling 
coil through the parallel-sided tunnel discharge having the same 
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flow area and shape as the approach section. The cooled air 
passed through the centrifugal fan (driven by a direct-connected 
variable-speed direct-current motor) and flowed to the thin-plate 
orifice through a blade elbow. The orifice pipe discharged the air 
into the main body of the pressure vessel from which it was re- 
circulated. To accommodate the wide range of tube spacings 
tested, four sizes of tunnels were used in conjunction with three 
sizes of orifice plates for the 10-in. orifice pipe. 

The tube banks were composed of 90 modified General Electric 
Calrod units 0.31 in. in diameter and having a heated length of 
9'/sin. These units are composed of a small tight coil of resist- 
ance wire surrounded by a compacted insulation and a cylindri- 
cal sheath of alloy. Figs. 2 and 3 show details of these units. 
These sheaths were dressed to a smooth surface and then aged at 
a high temperature. The result was a smooth dark-colored sur- 
face which remained stable throughout the test program. The 
main series of tests was conducted with the heating elements of 
these tubes connected electrically in parallel groups of ten with 
three such parallel groups in series across each phase of the 208 v, 
3-phase a-c supply. Such electrical connections supplied 72,000 
Btu per hr to the banks while an alternate connection of five tubes 
in parallel with six parallel groups in series on each phase reduced 
the input to 18,000 Btu per hr. Experimental investigation 
proved this input to be evenly distributed between the tubes, the 
heating elements being well-standardized as to resistance and 
having low thermal coefficients of electrical resistance. 

No external control of the heat transferred was installed. This 
condition led to considerable temperature variation within the 
banks at any given flow as well as with changes in air flow. Thus, 
tube temperatures during the program ranged from 250 to 750 F 
while air temperatures at the bank exit varied from 140 to 450 F. 
As these temperature variations were similar for all banks they 
are not inconsistent with the primary objective of determining the 
effects of tube arrangement. During later stages of the work, it 
became desirable to investigate the effects of temperature upon 
both convection heat transfer and flow resistance. Some tests 
were made using the alternate electrical connection described 
previously, but the available temperature range was too limited 
to be conclusive for heat transfer. In the case of flow resistance, 
the temperature range was extended by tests with air and tubes 
at room temperatures. 

Efforts were made to provide as many checks of accuracy as 
possible in the apparatus itself. Thus, air temperatures were 
measured at five points: The tunnel inlet, tunnel exit, cooling- 
coil exit, orifice pipe, and main body of air, as shown in Fig. 4. 
The last three of these provide good checks upon the first, the re- 
sistance thermometers being installed under a variety of condi- 
tions. Heat supplied electrically to the bank was metered by two 
wattmeters in the three-phase supply line. This was checked 
against the heat absorbed by the water circulated through the 
cooling coils, the duct between the tube bank and the cooling coils 
being well-insulated as was the entire bank. Calculation of the 
same two heat quantities from the air-side data provided a good 
test of air-flow and temperature measurements. All of these 
quantities were in good agreement, a sample plot of them being 
shown in Fig. 18. Tube temperatures were observed in each of 
the ten rows, the observations always being consistently related. 
In addition to these tests of accuracy inherent to the apparatus, a 
great deal of time was devoted to independent studies. These 
are discussed in some detail in the latter part of this report along 
with the unusual calibration work. 

Instruments were all grouped at a single table adjacent to the 
apparatus. A series of plug connections facilitated making the 
multiple temperature observations. Because of the small ther- 
mal capacity of the apparatus, conditions between test runs could 
be changed quickly. It was possible for a single observer to set 


up a tube bank and make nine to twelve test runs in about 16 
hours. 


ANALYSIS 


The observations have been ¢onverted into dimensionless 
groups commonly known as Nusselt numbers and friction factors, 
and these are shown as functions of Reynolds’ number. These 
are defined by the three following dimensionless equations 


Nusselt number = Nu = UD/k.....................[2] 
10.84 X 10-8) AP 

Friction factor = f = [3] 

Reynolds’ number = Re =GD/p................-..... [4] 

where U = gas-boundary convection conductance, Btu/[(hr) 


(sq ft) (deg F)]; D = tube diameter, ft; AP = gas pressure 
drop through bank, in. of water; G = gas mass flow through 
minimum free-flow area in bank, lb/[(hr) (sq ft)]; MN = number 
of major restrictions in passing through bank; p = gas specific 
weight, lb per cu ft; k = thermal conductivity of gas, Btu/[(hr) 
(sq ft) (deg F/ft)]; and » = absolute viscosity of gas, lb/{(hr) 
(ft) }. 

The major uncertainty in the application Equations [2], [3] 
and [4] to tube banks in cross flow is the question of the tempera- 
ture at which to evaluate the physical properties of the gas as used 
in the equations. 

For the present work the curves of Nusselt versus Reynolds 
numbers have been evaluated at the mean gas-boundary or film 
temperature, defined as the average tube temperature minus one 
half of the mean temperature difference. This follows the usual 
practice although there is evidence within the rather narrow tem- 
perature ranges of the present data that this procedure does not 
fully account for temperature effects in convection heat transfer. 

In the case of the friction factors it was found necessary to se- 
lect a new temperature for evaluation to correlate flow-resistance 
measurements made on a number of tube arrangements at three 
different temperature levels. Study of such sets of data for a 
large number of tube arrangements resulted in evaluation of the 
curves of the friction-factor versus Reynolds’ number at a modi- 
fied film temperature. This temperature is defined as tube tem- 
perature minus eight tenths of the mean temperature difference 
for staggered-tube arrangements, and as tube temperature minus 
nine tenths of the mean temperature difference for in-line arrange- 
ments. Evaluation at this temperature has greatly improved the 
correlation of flow-resistance measurements made at different 
rates of heat transfer in the same tube bank. A notable exception 
is found in certain in-line arrangements closely spaced in the di- 
rection of flow where the heating of the tubes apparently creates 4 
flow condition differing markedly from that obtaining under iso- 
thermal conditions at lower Reynolds numbers. 

The physical properties of air involved in the dimensionless 
groups have all been evaluated from data for dry air, investigation 
showing the effects of humidity to be negligible. Specific weight 
was based on the U. S. Bureau of Standards values for dry air 
Sutherland’s equation was used to evaluate viscosity while con- 
ductivity values were obtained from data given in the Interna 
tional Critical Tables, Vol. V. 

No corrections for radiation have been applied to data for banks 
ten rows deep, the maximum calculated corrections being less 
than 1 per cent. Such correction has, however, been applied to 
results for the more shallow banks, amounting to some 10 per 
cent for a single row of tubes. All observations have been cor 
rected for instrument calibrations. 
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ment was the chief variable are shown in the logarithmic plots of 
Figs. 7 to 15, inclusive. These plots show Nusselt numbers and 
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friction factors as functions of Reynolds’ numbers. Curves have 
been drawn only within the actual range of test data and so repre- 
sent accurately the range of conditions under which each tube 
arrangement was tested. Results have been grouped into the 
various families of transverse spacings tested, the spacings be- 
tween centers being noted on the curve sheets in terms of tube di- 
ameters. 

Study of these graphic results shows that the Nusselt numbers 
follow the generally accepted variation, increasing roughly as the 
two-thirds power of the Reynolds number, the actual exponent 
ranging from 0.55 to 0.80. It will be noted that tube arrange- 
ment affects the absolute value of the Nusselt number at a 
given Reynolds’ number, as well as its variation with Reynolds’ 
number. The variation with Reynolds’ number may be influenced 
to some extent by the variation in tube temperatures associated 
with conducting the tests with a constant thermal current. For 
present purposes it is sufficient that for any given Reynolds’ num- 
ber all tube arrangements had substantially the same temperature 
conditions, and so seem to be directly comparable. 

The friction factors in general remain constant or decrease as 
Reynolds’ number is increased. Tube arrangement influences 
the variation with Reynolds’ number as well as the absolute value 
of the friction factors. Changes in tube arrangement have a much 
more marked effect on the friction factors than on the Nusselt 
number. There is no apparent useful relationship between flow 
resistance and convection transfer rates, but their variations with 
Reynolds’ numbers appear definitely related as reported in detail 
by Grimison.?3 

Study of the curves showing the relation of Nusselt numbers 
and friction factors to Reynolds’ numbers indicates a change in 
flow conditions for some arrangements at a Reynolds number of 
about 10,000. For many tube arrangements, and particularly 
for in-line arrangements closely spaced in the direction of flow, 

3“Correlation and Utilization of New Data on Flow Resistance 
and Heat Transfer for Cross Flow of Gases in Tube Banks,” by E. D. 


Grimison, Trans. A.S.M.E., vol. 59, October, 1937, paper PRO-59-8, 
pp. 583-594. 
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used in this report are based upon the total ob- 
served pressure drop without correction for entrance 


and exit losses. The variation of friction factor with 
bank depth is probably different for each tube ar- 
rangement, but within the limits of the present data 


is not affected by changes in Reynolds’ number. 
Likewise, the variation in gas boundary conductance 
within a given tube bank was found to be virtually 


independent of the Reynolds number within the 
range covered by the tests. 
Flow resistances of many tube arrangements were 


measured for zero heat input, or isothermal con- 
ditions with cold air flowing over cold tubes. These 
observations were in addition to those made during 
tests with the normal heat transfer, but results are 


not reported here being in substantial agreement. 
For the same reason, flow-resistance and heat-trans- 
fer tests with the thermal current reduced to one 


fourth its normal value are also omitted. 


AccURACY 
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Throughout the execution of the test program, 
much effort was devoted to attaining and main- 
taining accuracy in all phases of the test work. 

Huge,?* reporting the results of an extensive 
independent investigation, has established the va- 
lidity of the model theory. His tests were also 
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Fig. 17 
WHEN REYNOLDs’ NuMBER Is 8000 


there are changes in slope in both flow-resistance and convection 
curves at this point. It should be noted again that the Reynolds 
numbers used in plotting the two characteristics have not been 
evaluated at the same temperature, which may explain why the 
Nusselt and friction curves do not change slope at the same Rey- 
nolds number for a given tube arrangement. The effects of 
passing from one flow condition to another vary widely with tube 
arrangement, being least marked for the two extremes of spacings 
studied. While not fully investigated or analyzed, the condition 
must be borne in mind in applying the data, particularly if ex- 
trapolation beyond the test ranges is undertaken. 

The systematic effects of tube arrangement upon both friction 
factors and Nusselt numbers is much more apparent when the 
foregoing data are plotted with reference to tube arrangement for 
constant values of Reynolds’ number. Such a plot is shown in 
Fig. 16, spacings again being given in terms of tube diameters. 
There is no apparent useful relationship between flow resistance 
and transfer rates at a given Reynolds number although their 
variations with Reynolds’ number appear related. 

The variation in Nusselt number from row to row within several 
banks is shown in Fig. 17. These curves have been calculated 
from data for banks ten rows deep. Similar curves prepared 
from tests on two differently arranged banks of depths from one to 
ten rows are superimposed on Fig. 17. No satisfactory explana- 
tion has been found for the disagreement between these results 
and similar ones deduced from tests of the same arrangements in 
banks ten rows deep. Within this limit of accuracy, however, it 
is apparent that the variation of conductance within a tube bank 
depends upon the spacing of the tubes. The tests of two banks 
of varying depths also gave information concerning the effect of 
bank depth on friction factor. These results are also shown in 
Fig. 17, the friction factor increasing sharply for the more shal- 
low banks. This is as might be expected as all friction factors 


EFFEctTs OF BANK DepTH ON NussELT NUMBER AND FRICTION FACTOR 


planned as a basic measurement of accuracy in the 
work reported in this paper. 

In addition a number of special tests and calibra- 
tions were made as a part of the present program, 
some of which merit discussion in this paper. 

All of the usual precautions were observed in the 
installation of the service orifice, but because of the necessarily 
crowded conditions it was decided to investigate the accuracy of 
flow-rate observations. For this purpose an orifice flow meter 
consisting of a 16-ft approach and a 4-ft discharge section of 10- 
in. pipe was constructed. This was connected in series with the 
service orifice and simultaneous observations of flow made over a 
wide range of rates, using different orifice sizes. The results were 
consistent in indicating a correction of about 1 per cent, vary- 
ing somewhat with the size of the service orifice. 

A further investigation of flow measurement was made by at- 
taching the orifice flow meter to the tunnel inlet section, compar- 
ing the measured flow with the corrected value indicated by the 
service orifice. This procedure revealed a small amount of leak- 
age in the duct work which could not be entirely eliminated. This 
leakage was evaluated in terms of pressures following the bank 
and preceding the orifice, and all data were corrected to a true 
flow rate through the bank. The maximum correction, including 
that for poor location of the service orifice, was about 3 per cent 
with an average correction well below that figure. 

Independent verification of these leakage corrections was se- 
cured by providing an air-tight circuit between the service-orifice 
discharge and the tunnel inlet. Thus, all of the air metered en- 
tered the tube bank, eliminating all flow corrections except those 
for service-orifice calibration. Tests were conducted under these 
conditions over the entire test range and found to be in good agree 
ment with tests of the same tube arrangements made under nor- 
mal testing conditions. Additional evidence of accuracy is found 
in the excellent agreement of duplicate tests made with 3-in. and 
6-in. orifices and in the good heat balances. 


10 


‘Experimental Investigation of Effects of Equipment Size 0? 
Convection Heat Transfer and Flow Resistance in Cross Flow of 
Gases over Banks of Tubes,” by E. C. Huge, Trans. A.S.M.E., vol. 
59, October, 1937, paper PRO-59-7, pp. 573-581. 
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Tests were repeated on certain arrangements with several other 
tests intervening between duplicate runs. At one time difficulty 
in reproducing results on some close spacings as well as poor agree- 
ment with Huge’s tests‘ led to an investigation of the effects of 
variations in free-flow area through the banks. It was found that 
for the most closely spaced tube arrangements variations as small 
as '/g in. in the duct width at the bank had a perceptible effect on 
test results. Provision was made to control these dimensions to 
0.01 in. by a system of screw arrangements, spacers and microme- 
ter measurements, and no further trouble from this source was 
encountered. In this connection it must be noted that no half 
tubes were used to fill out the tube rows of staggered arrange- 
ments, which may. account for the extreme sensitivity to varia- 
tions in flow area. Studies of flow distribution proved it to be 
good in all ranges of spacings tested, provided the flow areas were 
properly adjusted. Such flow explorations were made by several 
methods, including pitot tubes, thermocouples, temperature 
measurements in the bank, and observation of draft loss across 
several tunnel sections. 

Some indication of over-all accuracy in observations is contained 
in heat balances when based on completely independent measure- 
ments as is possible here. The primary observation of heat trans- 
ferred was made by metering the electric input to the tubes. This 
was compared with the absorption indicated by observation of air- 
stream temperature rise and total air flow. A secondary calcula- 
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tion of air-stream heat quantities was based upon the temperature 
drop in passing through the fin-tube cooling coils’) The third in- 
dependent evaluation of heat transferred was based on the tem- 
perature rise of the cooling water and its rate of flow. All four of 
these quantities were in general good agreement as illustrated in 
Fig. 18. Thus, it is proved that all of the heat supplied as electri- 
cal energy was absorbed by the air stream. Moreover, since the 
Possibility of compensating errors is extremely remote, these heat 
balances present additional evidence of accuracy in determining 
air flow and temperatures. 

The humidity of samples of air bled from the pressure vessel was 
determined during one test series. It was found to remain sub- 
stantially constant over the entire range of pressures, the relative 
humidity being well under 50 per cent at the bank inlet conditions. 
Any effect of humidity was within the accuracy to which the physi- 
cal properties of air are known and all calculations have accord- 
ingly been based on the properties of dry air. 
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As a check on tube-temperature measurement, tests were con- 
ducted on a single tube with air in cross flow. These were in good 
agreement with the large body of information available for the 
simple case of convection heat transfer. Additional evidence of 
accuracy of tube-temperature measurements is discussed in later 
paragraphs. 


Unusvuau CALIBRATIONS 


Calibrations were made of all important instruments used in 
the test work. These calibrations were rechecked during the pro- 
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gram to maintain accuracy. In the case of such instruments as 
wattmeters, thermometers, thermocouples, and pressure gages the 
calibration procedures are well standardized and so are not dis- 
cussed in this paper. 

Ten of the tubes used in the banks were prepared and cali- 
brated for observation of tube-surface temperature by Leeds and 
Northrup. A Kelvin bridge was arranged to read the electrical 
resistance of that part of the tube sheath actually heated and in the 
air stream. Details of these electrical connections are shown in 
Fig. 3. During the test program it became necessary to check 
these for possible changes in calibration and to prepare replace- 
ments. For this purpose a small electric furnace was constructed 
by experimentally distributing heating coils to produce a uni- 
form temperature over the central 10 in. of a 24-in. fused silica 
tube, the inside diameter of which was */, in. The furnace was 
well insulated and provided with controls to vary the temperatures 
up to 1000 F. Tubes were placed in the furnace one at a time and 
heated to equilibrium at a number of temperature levels. Tem- 
peratures were read from four carefully calibrated thermocouples 
distributed along the tube while the sheath resistance was read 
from the same Kelvin bridge used for all test observations. Read- 
ings were taken in regular rotation until constant conditions were 
indicated for 20-min periods at each temperature level. These 
check calibrations revealed no change from the original during the 
period covered by the tests. Additional independent checks of 
the calibrations were made by measuring sheath resistance while 
immersed in a wet-steam bath at atmospheric pressure. The tem- 
perature tubes were also checked periodically by comparison with 
indications of the air stream pyrometers when pressure-drop tests 
were being run with cold air. A sample calibration curve showing 


the typical good agreement between these methods is shown in 
Fig. 19. 

The air-stream resistance grid pyrometers were calibrated by 
immersion with a standardized mercury thermometer in a con- 
Alternate readings of 


stantly agitated, slowly heated oil bath. 
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resistance and temperature were plotted against time and checked 
against equilibrium data. Two pyrometers were calibrated over 
the entire temperature range and checked after two months of 
severe service. No change was found, so additional pyrometers 
made from the same spool of nickel wire were calibrated over a 
limited temperature range and extended by comparison with the 
original calibrations. The reliability of the calibrations is indi- 
cated by good agreement of temperatures indicated under iso- 
thermal conditions and by the satisfactory heat balances. The 
water-side heat absorption proved all the heat to be entering the 
air stream, so calculated air temperatures leaving the bank were 
employed in the analysis. 


OBSERVATIONS MADE AND RANGES OF VARIABLES 


1 Air-stream observations: 

(a) Temperatures. Thermometers were of the resistance-grid 
type made of No. 29 nickel wire, and were read by Leeds and 
Northrup Kelvin-bridge ohmmeters. The range of the tempera- 
tures entering the bank was 80 to 110 F, while leaving the 
bank the range was from 140 to 450 F. 

(b) Total Air Flow. Total air flow was measured by 3-in. to 
6-in. thin-plate orifices in a 10-in. pipe with static taps located one 
pipe diameter upstream and one-half diameter downstream. 
Differentials were read from an Ellison inclined-vertical draft gage 
having the first 3 in. of differential on a 15-in. inclined scale. The 
range of flow was from 300 to 21,000 lb of air per hr. 

(c) Bank Flow Resistance. Bank flow resistance was measured 
by impact tubes centered in tunnels upstream and downstream of 
the tube bank. The differential was read from an Ellison 
gage similar to the orifice gage for measuring total air flow. The 
range of this resistance was from 0.1 to 12 in. of water. 

(d) Air Pressure. The air pressure was read from a calibrated 
Bourdon-type gage with a range from 0 to 100 lb per sq in. gage. 

2 Tube-bank observations: 

(a) Bank Input. The heat input to the tube bank was read 
from two Weston switchboard wattmeters connected to the 3- 
phase alternating-current supply, and was checked against air- 
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stream and water heat absorptions. The input was normally 
72,000 Btu per hr, although some tests were made at 18,000 Btu 
per hr. 

(b) Tube Temperatures. Alloy sheaths of ten tubes were cali- 
brated as resistance thermometers, leads being arranged to meas- 
ure only the temperature of the section in the air stream. The 
temperatures were read from a Kelvin-bridge ohmmeter. The 
normal range of the tube temperatures was 250 F to 750 F; with 
reduced input, 150 to 600 F. 

(c) Tube-Bank Dimensions. The tube diameters were read at 
random by a micrometer, the final value used being an average of 
over 100 measurements. Other dimensions were read by calipers 
and a steel scale graduated in hundredths of an inch. Diameter 
of the tubes was 0.31 in.; other dimensions were 3 to 9 in. 

3 Water heat-absorption measurements: 

(a) Temperatures. Calibrated mercury thermometers were 
located close to the pressure-vessel walls in the water inlet and out- 
let lines. The range of the temperatures in the inlet line was 40 
to 70 F, while the range of those in the outlet line was 90 to 130 F. 

(b) Water Flow. Water was collected in a weighing tank for 
20-min periods during each run and weighed on platform scales. 
The rate of the flow ranged from 1000 to 2000 lb per hr. 

Additional general observations such as barometer height and 
room temperature were also recorded during each test series. All 
important instruments were calibrated against laboratory stand- 
ards or fixed points, details of unusual calibrations being given 
previously in this report. Readings were taken always in a fixed 
rotation and at regular time intervals until three consecutive con- 
sistent sets were obtained for a given set of conditions. The nor- 
mal test procedure was to attain thermal equilibrium at the maxi- 
mum air pressures used before taking any readings. Conditions 
between test runs were changed by varying the fan speed, reduc- 
ing the air pressure, or both; ample time was allowed to restore 
equilibrium before recording more data. The apparatus was very 
stable in operation at all rates and a minimum of difficulty was 
experienced in maintaining steady conditions while recording 
observations. 
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Experimental Investigation of Effects of 
Equipment Size on Convection Heat Trans- 
fer and Flow Resistance in Cross Flow 


of Gases Over Tube Banks 


By E. C. HUGE,’ BARBERTON, OHIO 


To establish the effect of tube size as a factor in heat 
transfer and pressure drop for gases flowing transversely 
over tube banks? of a given tube arrangement, new ex- 
perimental determinations have been made for several 
tube sizes, and results compared with those of Pierson® 
who used very small tubes of 0.31 in. diameter. The 
arrangements used included some of those studied by 
Pierson’ and these tests on a larger scale have served as a 
check on the accuracy of his small-scale results with a 
different method and different imposed conditions, and 
the applicability of model results to full-scale equipment, 
the two series forming parts of a research program? of 
the Babcock & Wilcox Company. 

Nine tube arrangements as shown in Fig. 1, defined by 
center spacings in the direction of flow and transversely, 
were used with tubes of both '/; in. diameter and !"/j in. 
diameter, the spacing ranging from a minimum of 1'/, X 
1'/, diameters, to a maximum of 2 X 3 diameters with 
ten rows in the direction of flow both in-line and staggered, 
and ten tubes wide except for one case of eight tubes wide. 
In addition, three arrangements of tubes of 2-in. diameter 
were used in banks of ten rows deep and from nine to 
fifteen tubes wide. 

Fo: the banks of smaller tubes, '/; in. and !'"/j¢ in. 
diameter, heat was transferred from hot gases outside to 
cold water inside, while for the banks of 2 in. tubes, heat 


Test Metuop 


OR COMMERCIAL work of design and of calculating ex- 

pected performance of a given design of tube-bank apparatus, 

such as used in steam boilers, it is necessary to have a means 
of calculation that will account for all variables including size of 
tube and tube spacing. Direct experimental measurement of 
heat-transfer rate between fluids inside and outside of the tubes 
for the ranges of sizes and spacing in use being too expensive an 
undertaking, an alternate method becomes necessary. The effect 
of tube spacing or arrangement in banks may be directly deter- 
mined in model apparatus at relatively low cost, and this has 


_ 


_| Engineer, Research and Development Laboratory, Babcock & 
Wilcox Company. Jun. A.S.M.E. Mr. Huge was graduated in 
1930 from the Case School of Applied Science with a B.S. degree in 
mechanical engineering and since has been with the Babcock & Wilcox 

mpany. 

_ * The Babcock & Wileox Company's research program on convec- 
tion heat transfer and flow resistance in cross flow of gases over tube 
banks includes (1) the experimental investigation of the influence of 
tube arrangement, (2) experimental investigation of effects of equip- 
ment size, and (3) correlation and utilization of new data regarding 
this subject. All three phases of the program are reported in this 
issue of the A.S.M.E. Transactions, the first by O. L. Pierson, the 
Second by the author, and the third by E. D. Grimison. See foot- 
hote 3 on this page and footnote 4 on p. 580 of this paper. 


was transferred from condensing steam inside to air out- 
side. 

Values of gas-boundary conductance and pressure drop 
were found for several identical tube arrangements and 
spacing and three tube sizes of !/2 in., !!/i5 in., and 2 in., 
with heat flow inward and outward; these are found to be 
consistent with those for the Pierson* model tubes of 0.31 
in. diameter. 

Heat-transfer rates are reported in terms of the Nusselt 
number, and pressure drop in terms of the Fanning equa- 
tion for friction factor, both of them in relation to the Rey- 
nolds number. For values of the Reynolds number in the 
range of commercial practice, the Nusselt number varies 
as the 0.61 power of the Reynolds number, and the friction 
factor is not so regularly related to the Reynolds number 
but varies with the tube arrangement. Values of both gas- 
boundary conductance and friction factor for a given tube 
arrangement are consistent for all tube sizes from the 
full-scale 2-in. tubes down to the Pierson’ model tubes of 
0.31 in., including the intermediate sizes of !/2-in. and 
11/\-in. tubes, thus confirming the validity of the prin- 
ciple of similarity applied to tube banks in spite of some 
departure from true geometric similarity in the ratio of 
length to diameter or to intertube space for the range of 
Reynolds’ numbers tested, 2000 to 70,000. 


been done by Pierson® for thirty-eight arrangements, but before 
such model results may be applied to full-scale apparatus and 
flow conditions it is necessary to establish the effect of size. 
Passing from the model tubes electrically heated and with 
mean tube-face temperature directly measured for fixing the con- 
ductance of the gas boundary to full-scale tubes, a change in ex- 
perimental procedure becomes necessary. As tube size increases, 
the cost of apparatus increases rapidly and fewer arrangements 
may be tested within reasonable cost limits. At the same time, 
a different mode of heating nfust be used with corresponding 
difference in the determination of tube-face temperature needed 


3 ‘Experimental Investigation of the Influence of Tube Arrange- 
ment on Convection-Heat Transfer and Flow Resistance in Cross 
Flow of Gases Over Tube Banks,”’ by O. L. Pierson, Trans. A.S.M.E., 
vol. 59, October, 1937, paper PRO-59-6, pp. 563-572. 

Contributed by the Heat Transfer Committee of the Process In- 
dustries Division for presentation at the Annual Meeting of THE 
AMERICAN SocieTy OF MECHANICAL ENGINEERS, to be held in New 
York, N. Y., December 6 to 10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until December 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 
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Fig. 1 Typrcat Sections or TuBE BaNkS FOR EXPERIMENTS 


to convert hourly heat per square foot to gas-boundary conduct- 
ance, and to measure the hourly heat itself. 

The three tube sizes used were tested in the combinations of 
arrangement shown in Fig. 1 and tabulated in Table 1 in two 
apparatus designs, one termed “small scale” for the '/:-in. and 
11/,.-in. tubes, and the other termed ‘full scale’”’ for the 2-in. 
tubes. In the spacing designation in Table 1 the first number is 
the center-to-center distance between tubes in tube diameters, 
measured across the gas stream, that is, transversely. The sec- 
ond number is the spacing in the direction of flow. The term 
“wide” in the third column of Table 1 refers to the number of 
tubes transversely and “high” refers to the number in the direc- 
tion of gas flow. Staggered arrangement differs from in-line 
arrangement by displacing alternate rows of tubes, one half of a 


TABLE 1 TUBE SIZES AND BANK ARRANGEMENTS 


Small-scale apparatus: 
Outside Spacing, Width and 
tube di- _ tube height of 
ameter, in. diameters Arrangements banks, tubes 
1/, 13/4 X 2 In-line 10 X 10 
11/16 13/4 X In-line 8 xX 10 
/2 In-line 10 X 10 
1/2 X 11/4 Staggered 10 X 10 
1/s 2x3 In-line 10 x 10 
2x3 Staggered 10 X 10 
Full-scale apparatus: 
2 13/4 X 2 In-line 11 x 10 
2 XK Staggered 15 xX 10 
2 2x3 Staggered 9 x 10 


tube space. The tube spacing includes one 1!/, X 11/4 which is 
considered a minimum, and one 2 X 3 which is considered a 
maximum, with some intermediate ones. 


Two different methods of establishing heat transfer, of meas- 
uring hourly heat, and of determining tube-face temperature 
were used, one for the two small tube sizes of '/. and '"/j¢ in., 
the other for the large 2-in. tubes. 

The banks of small tubes in the small-scale apparatus were 
swept transversely by a mixture of air and products of combus- 
tion in adjusted ratios to predetermine the gas temperature at 
about 600 F, the mixture containing from about 1 to 2 per cent 
water vapor and | per cent CO, (Orsat), and water flowed inside 
of the tubes in general countercurrent relation. The hourly 
heat transferred was calculated from water quantities and tem- 
perature rise, and also from gas quantities and temperature drop 
corrected for casing and other losses, so a heat balance was avail- 
able. Tube temperatures were directly determined for inlet and 
outlet tubes by thermocouples, but in addition tube tempera- 
tures were calculated from the over-all resistance, the reciprocal 
of the over-all conductance, by subtracting the resistance of the 
water boundary and that of the tube metal. 

The water-side conductance was determined by use of a modi- 
fied McAdams formula 


4 


where U,, = water-side conductance, Btu/{(hr) (ft?)(deg F)]; 
k = thermal conductivity of water, Btu/[(hr)(ft?)(deg F/ft)]; 
G = water mass flow, lb/[(hr)(ft*)]; 4 = absolute viscosity of 
water, lb/[(hr)(ft)]; D = inside diameter of tube, ft; c, = SP 
cific heat of water, Btu/[(Ib) (deg F)]. 

The thermal conductivity k for steel at operating temperatures 


U,, = 0.0270 
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was taken as 25.2 Btu per sq ft hr and per deg F per ft of thick- 
ness. The thermal resistance of the tube wall was calculated 
by use of the logarithmic mean tube-wall relation 


D 
D, log, D, 


R, = U, = ry [2] 
where R, and U, = resistance and conductance of steel referred 
to outside surface; D, = outside diameter, ft; D; = inside 
diameter, ft; and k = 25.2 Btu/[(hr) (sq ft )(deg F/ft) }. 

The banks of full-size 2-in. tubes were swept by cool air trans- 
versely which was heated by dry steam condensing inside, in 
most cases at 18 lb per sq in. abs, so hourly heat could be caleu- 
lated from the air quantity and temperature rise, and also from 
the condensate quantity and latent heat above condensate 
temperature; therefore, a heat-balance check could be made on 
the accuracy of results. It is well estabiished that under such 
conditions the tube temperature is that of saturated steam for 
the pressure used, but this was verified experimentally. In- 
cidentally, the fact that the controlling thermal resistance is 
on the air side, insures equality of tube temperature around the 
circumference at the steam saturation value. 

The conductance of the gas boundary is reported in terms of 
the Nusselt number which is proportional to the nth power of 
the Reynolds number 


UD VD\" 
k 


where U = gas-boundary convection conductance, .Btu/[(hr) 
(sq ft) (deg F)]; D = tube diameter, ft; k = thermal conduc- 
tivity of gas, Btu/[(hr) (sq ft) (deg F/ft)]; C, n = constants; 
p = specific weight of gas, lb per cu ft; V = velocity of gas, ft 
per hr; » = absolute viscosity of gas, lb/[(hr)(ft)]; UD/k = 
Nusselt number, dimensionless; and pV D/u = Reynolds’ number, 
dimensionless. 

According to the principle of similarity, when flow conditions 
are geometrically similar as to arrangement, proportions, and tube 
surface, the Nusselt number will be the same for a given value of 
the Reynolds number. 

Pressure drops in the air stream flowing across the tube bank 
are reported in terms of the dimensionless ratio of the form of 
the Fanning equation, which is proportional to the Xth power of 
the Reynolds number. 


f 10.84 x » =(C 
NG? 


where f = friction factor, dimensionless; C’, X = constants; 
AP = pressure drop, in. of water; N = number of major re- 
Strictions in passing through bank; and other notation is same 
as given for Equation [3]. 

This is the generally accepted method of comparing resistance 
to flow, across tube banks for example, since, with similar condi- 
tions of arrangements and proportions and for a given value of 
the Reynolds number, the expression for f which includes pres- 
sure drop will have the same value. 

In applying the observations to Equation [3], the relation of 
the Nusselt to the Reynolds number, the gas temperature at 
Which to evaluate the variables was taken as the mean gas 
boundary or film temperature which is the tube temperature plus 
or minus one half of the log mean temperature difference (plus 
for gas cooling and minus for gas heating). 

The Fanning relation, Equation [4], with its corresponding 
Reynolds’ number has been calculated on a revised film-tem- 
perature basis which is tube temperature plus or minus 0.8 or 
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0.9 of the log mean temperature difference (0.8 for staggered 
and 0.9 for in-line bank). The temperature basis for the Fanning 
relation is empirical and its use is justified by its superior correla- 
tion of data. 

The physical constants of viscosity u, and thermal conduc- 
tivity k, were evaluated on a mean-film-temperature basis. The 
physical constant u,, and density p,, were evaluated on a revised 
mean-film-temperature basis as previously outlined. 

The values for absolute viscosity in lb per ft hr were taken 
from a curve of Sutherland’s equation which is checked by ex- 
perimental points from Bremond. 

The values of thermal conductivity in Btu per sq ft hr deg F 
per ft of thickness were taken from a curve k = constant X » X 
cy which is checked between 100 and 400 F by experimental 
points from the International Critical Tables, Vol. 5. 

The density p of air was calculated from basic values of density 
given by the U. S. Bureau of Standards and International 
Critical Tables. 

The gas-boundary conductance results and those for friction 
factor of the Fanning equation, reported graphically on a base 
of Reynolds’ number, are discussed later. 


APPARATUS 


Small-Scale Apparatus. The small-scale apparatus for testing 
the banks of !/-in. and !/j.-in. tubes is shown in Fig. 2. Room- 
temperature air was supplied by means of a Sturtevant pressure 
blower which discharged to a 21-in. diameter pipe within which a 
Bailey thin-plate orifice was located according to recommenda- 
tions of the Bailey Meter Company. The guaranteed accuracy of 
the thin-plate orifices when used with an accurate manometer is 
plus or minus 2 per cent; however, it is believed that consider- 
ably less deviation was the rule as checks made by overlapping 
orifice sizes between reasonable values of orifice differential gave 
no indication of any measurable deviations. 

The air stream was heated by direct contact and mixture with 
products of combustion of a gas-fired furnace as also shown in 
Fig. 2. The air stream was separated after it had been metered 
and a small portion of it passed to the gas furnace for the pur- 
pose of supporting combustion, the remainder being directed to 
a gas-mixing chamber located at furnace exit. 

The products of combustion of the gas-fired furnace and cold 
air were mixed within the mixing chamber in the amount re- 
quired to give the desired gas-inlet temperature below the tube 
bank being tested. 

For the water circuit of the apparatus water was taken from a 
Scaife ‘‘base-exchange”’ water-treating system to a water heater 
and from the heater the flow was divided into two circuits so that 
part of the water passed through a radiation screen circuit and 
part through the tube arrangement being tested. The water in- 
let of the element being tested was on the top of the bank and the 
outlet on the bottom as shown in Fig. 2. The outlet-water tubes 
were in contact with the inlet gas stream, giving in effect counter- 
flow. The screen circuit is shown in Fig. 2, and consists of two 
staggered rows of tubes above and below the bank, the inlet and 
outlet rows being the rows nearest the inlet and outlet of the 
water circuit. 

The water temperature in the screen circuit was maintained 
equal to the water temperature of the bank circuit at the inlet 
and outlet in order to minimize the radiation effect in the cavity 
below and above the bank. 

The inside of the gas duct between lower and upper screen 
tubes was lined with polished KA2S plates '/32 in. thick, which 
were used because of the low emissivity value of these polished 
plates, to minimize radiation effect to, and loss from, the side 
walls. 

Tube temperatures were taken by means of iron-constantan 
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thermocouples peened upon the inlet and outlet tubes of indi- 
vidual elements. 

The blower shown in Fig. 2 was directly connected to a 1750- 
rpm 75-hp motor, and the air flow was regulated by means of 
dampers in the fan inlet. Three sizes of orifice plates were avail- 
able to cover the required range of air flow. 

The amount of air required at the various points within the ap- 
paratus was proportioned by means of conveniently located dam- 
pers and the air-gas mixture was proportioned to give a tempera- 
ture at the bank entrance of approximately 600 F. As previously 
stated, the water entered both the screen and bank circuit at 90 
F with the flow being regulated to give an approximate exit 
temperature in both circuits of 180 F. The water entrance tem- 
perature was maintained at 90 F to eliminate any condensation 
due to passing through the dew point of the gas on the tube sur- 
face. The gas exit temperature was a function of gas and water 
flow and bank arrangement, and was so governed with an average 
temperature drop in the gas stream between 300 and 400 F over 
the range of gas flow. 

The testing procedure which was followed was to divide the 
time devoted to each test into two parts. First, the apparatus 
was allowed to reach an equilibrium point from a heat-absorp- 
tion standpoint and then temperature traverses and calibrations, 
and velocity traverses were made. Second, the top and bottom 
shielded gas couples and pitot tubes were placed at the duct 
center line and a complete set of readings was taken. When con- 
ditions were found to be stable, at least four sets of observations 
were recorded from an average of which the results were cal- 
culated. 

The tube inlet and outlet thermocouples on individual ele- 
ments were employed as a method of determining the equality 
of heat absorption across the bank. The temperature increase 
in the water stream was measured by means of mercury ther- 
mometers. 

Full-Scale Apparatus. The apparatus for testing the banks 
of 2-in. tubes is shown in Fig. 3. Room-temperature air was 
supplied by means of a blower direct-coupled to a direct-current 
variable-speed motor. The path of the air was through the blower 
and discharging into a rectangular duct which converged into a 
circular duct. The circular duct extended approximately 60 ft 
to a point beyond the orifice where it diverged into a rectangular- 
shaped duct of dimensions required by the bank of tubes being 
tested. The rectangular duct housing the bank and radiation 
screen tubes with a 2 X 3 tube diameter staggered arrangement 
of 2-in. tubes in place is shown in Fig. 3. The height of the rec- 
tangular duct was constant for all arrangements tested, being 
determined by the height of tube which was 4 ft. The horizontal 
width of the duct was variable to accommodate various tube 
arrangements. The inside surface of the duct was lined with 
transite plates which were faced with cold-drawn polished alumi- 
num plates !/32 in. thick. 

The steam circuit of the full-scale apparatus was designed for 
450 lb per sq in steam pressure. However, the majority of tests 
were run at approximately 18 lb per sq in. pressure abs. 

The source of steam supply for the apparatus was a gas-fired 
high-pressure saturated-steam test boiler operated at pressures 
which, when expanded, gave a slight amount of superheat in the 
supply nipples to the tubes to insure dry saturated steam. From 

Fig. 3 it will be noted that the path of the steam was from the 
boiler to a header serving the nozzles of individual row headers, 
thence through the individual row headers into the tubes being 
tested. Condensate at saturation temperature was taken from 
individual tube rows into their respective cooling coils which dis- 
charged into individual-row weighing tanks. 

The upper header supplying the individual tube rows and the 
Screen rows was fitted with bleeder lines, one located between in- 
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let screen and first row of the bank, and one between the tenth 
row of the bank and the outlet screen row. 

The radiation screens were composed of a single row of 2-in. 
X No. 10 Bwg tubes on 3-in. horizontal centers. As previously 
stated, the inside walls of the duct, with the exception of the up- 
per and lower tube sheets, were lined with !/3:-in-thick aluminum 
plates. The duct was lined with aluminum plate because of the 
comparatively low emissivity value of the aluminum which helps 
minimize the radiation to, and loss from, the walls. No further 
attempt was made to isolate radiation effects nor was any allow- 
ance made for the conductance effect of the hot tube sheets, 
and the side wall adjacent to the bank, upon the gas flowing. 
Both of the latter effects are considered too minor to have any 
appreciable effect upon the final results. 

For purpose of relieving the steam side of the bank and screen 
tubes of any entrained air, the individual elements were fitted 
with '/s-in. bleeder lines. Due to the higher density of the air 
than steam at pressures under consideration, the bleeder lines 
were located on the bottom header of the elements. 

Preliminary work with one row of tubes in place indicated that 
the tube temperatures at the entrance end of the tube were 
substantially the same as the exit tube temperature and that a 
1/;-in. bleeder line was sufficient to air-scavenge the element at 
all rates. However, in addition to the precaution of installing a 
single row before proceeding with the ten-row bank, thermocouples 
were peened on the top and bottom, but within the gas streams, 
of tubes on No. 1 and No. 10 elements, on the supply nipples to 
individual row headers and on tube nipples at various locations. 

The individual row headers were insulated at top and bottom, 
as were all steam lines at the top of the apparatus. The con- 
densate discharge lines from the lower individual headers were 
insulated by means of 2-in. layer of asbestos rope and Superex. 
The amount of insulation at the top of the apparatus was such 
that a slight amount of superheat was noticeable in the top tube 
nipples. The external surfaces of the duct between inlet and 
exit screen rows were insulated by means of 2 in. of Superex. 

The testing procedure of the full-scale apparatus was similar 
to that of the small scale, i.e., after the apparatus has been allowed 
to reach equilibrium, the temperature and flow traverses and ther- 
mocouple calibrations were made, after which readings were 
taken. The length of time required for each test was determined 
by the consistency of the data and the time required to obtain a 
representative condensate sample. No tests were of less than 30 
min duration. The condensate was cooled in coil-type coolers 
and weighed on platform scales. Complete sets of observations 
were recorded every 5 min. 

It was found necessary to vent the lower headers continuously 
while operating with low-pressure steam. The quantity of steam 
vented amounted to 2 or 3 lb per hr per element. It was recog- 
nized that a possibility of venting wet steam existed. However, 
due to the small quantity of steam vented and the low velocities 
of the bottom header, the condition of excessive loss was con- 
sidered quite remote. As a further check upon accuracy of re- 
sults from the foregoing standpoint, the apparatus was operated 
through flow at ranges of gas flow similar to one or two of the 
lower rates of gas flow of the dead-end tests. The results of the 
through flow tests were found at all times to be in agreement with 
the dead-end tests. 

Condensate temperatures were taken at the exit of individual 
elements by means of mercury thermometers and the similarity 
of condensate temperatures across the bank was also employed 
as an indication of air-free condensation. During preliminary 
operation it was found that a drop in condensate exit temperature 
was an indication of air binding; which bleeding immediately 
relieved. 

During test operation under through-flow conditions, it was 
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found that the temperatures indicated by thermometers at ele- 
ment outlets were in excellent agreement with the saturation 
temperature of steam at the internal element pressure as deter- 
mined by means of a mercury manometer at the top and bottom 
of No. 5 element. 

Thermocouples and potentiometer were again checked against 
a calibrated mercury thermometer, all gas couples including the 
high-velocity couple were checked against each other previous 
to each test and necessary precautions were taken with gages, 
connections, pitot tubes, and weighing scales. 

The calibration correction of the high-velocity thermocouple 
was small and its absolute accuracy is probably questionable, but 
due to the method of its use as well as that of the gas thermo- 
couples the accuracy is well within the allowable range of plus or 
minus 1 deg. 

The guaranteed accuracy of the Bailey Meter Company thin- 
plate orifice used is 2 per cent. However, judging from the small 
discrepancies between gas and steam-side data, the actual error 
is apparently considerably below 2 per cent when an accurately 
calibrated differential gage is used with the orifice. 

The measure of the accuracy of the important measurements 
again was a heat balance between steami-side dissipation and gas 
heat absorption. The convection characteristics were deter- 
mined from steam-side data or condensate weights. 


RESULTS 


From the observations made during the operation of the ap- 
paratus, the results were calculated for reporting in graphical 
form, for both the small-scale and the full-scale apparatus. 

Small-Scale Apparatus. The data of the individual tests were 
calculated in a straightforward standard manner and it is not 
believed necessary to enter into a detailed explanation. The 
quantities of air flow as determined by the thin-plate orifices were 
corrected to actual flowing conditions. From the temperature of 
the gas-air mixture, taken ahead of the entrance-screen circuit, 
the ratio of pounds of mixture to pounds of air at test conditions 
was determined, or in other words a correction was made for the 
amount of gas fuel burned which was not metered. 

The gas free-flow area for each arrangement was the minimum 
free-flow area which was used in calculation of gas mass flow. 

It will be recalled that the gas temperatures used in calculating 
the amount of heat released by the gas were taken by means of 
three shielded thermocouples located at the duct center line, 
below and above the bank. The shielded-couple gas temperature 
was corrected for temperature traverse and high-velocity thermo- 
cuuple calibration. 

The mean specific heat of the gas used was that calculated on 
the basis of a mixture of air and products of combustion of Ohio 


natural gas with proper correction for water-vapor content of the 


mixture. 

The final results of small-scale tests were calculated on the 
water-side heat-absorption basis as the water-side data were 
considered subject to less irregularity than the gas-side data. 
A heat balance has been prepared for each test which, it is recog- 
nized, is not a measure of the over-all accuracy of the test, but is a 
measure of the accuracy of important measurements. In other 
words, a factor of primary importance was in closely checking 
the heat balance between gas dissipation and water absorption 
before proceeding. 

Various small radiation corrections have been applied to the 
observations taken on the small-scale apparatus. 

The net results after applying the radiation corrections is a 
maximum decrease in gas-side conductance at a low rate of flow 
(3000 air-mass flow) of approximately 1.5 per cent or a decrease 
of 0.5 per cent at the high rate of flow (15,000 air-mass flow). 

The logarithmic mean temperature difference between the gas 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


side and the water side was determined and, knowing the heat 
transmitted and the external heating surface, the over-all conduc- 
tance was determined. 

Full-Scale Apparatys. The data of individual tests were 
calculated in a manner similar to the calculations for the small- 
scale apparatus and as the calculations are straightforward a 
detailed explanation would be unnecessary repetition. One ex- 
ception would be in the calculation of gas-side conductance where 
a steam-boundary resistance is subtracted from the over-all in- 
stead of that of a water boundary or film as in the case of the 
small-scale apparatus. The conductance of steam was con- 
sidered constant for all tests and was taken as 2500 Btu per sq ft 
hr deg F, but the tube temperature is known to be constant and 
that of the saturated steam within acceptable limits, independent 
of any such calculation. 

Flow-resistance data have been included with all convection 
tests. Constant-temperature zero heat-transfer or isothermal 
flow-resistance tests have been run on five of the small-scale tube 
banks, and three of the full-scale banks, with isothermal runs of 
one of the small-scale banks at 100, 500, and 700 F. 

The method of determining the flow resistance was checked in 
the full-scale apparatus by use of the impact legs of pitot tubes 
against static legs which was standard procedure; checking was 
done by the removal of the bank in the following manner: 

A datum point was selected ahead of the entrance screen where 
static pressures within the duct might be conveniently taken. 
Static pressures were taken at the datum point with the bank in 
place over a series of flow rates, then the bank was removed and 
the duct sealed so that all conditions were similar with the excep- 
tion of the bank obstruction. The static pressures at the datum 
point were again taken over a series of flow rates. 

The difference between the static heads before and after bank 
removal should be in agreement with the standard method of de- 
termining flow rates. 

The foregoing procedure was followed employing a 13/, xX 2 
tube-diameter in-line arrangement and the results of the three 
methods of determining draft loss were found in good agreement 
with each other. Results of tests of the several arrangements and 
tube sizes have been compared graphically employing a log-log 
plot of Reynolds’ numbers as abscissas and Nusselt numbers and 
friction factors as ordinates in Fig. 4 to Fig. 8 inclusive and fric- 
tion factors alone in Fig. 9. 

Fig. 4 shows a log-log plot of the results of the 1°/, * 2 in-line 
arrangement of small-scale !/.-in. and !"/j\5-in. tubes and full-scale 
2-in. tubes, compared with Pierson’s results’ for the same ar- 
rangement of 0.31-in. tubes. A plot of the 13/4 1.82 in-line 
data obtained with ''/\.-in. tubes is also included. 

It will be noted that one curve represents well the test results for 
1/s, 11/16, and 2-in. tubes. It will also be noted that there is excel- 
lent agreement with Pierson’s results’ between Re = 15,000 and 
Re = 50,000 with the Pierson curve assuming a steeper slope 
below Re = 15,000. 

An inspection of the friction-factor curves indicates good agree- 
ment between all factors compared. 

Fig. 5 shows a log-log plot of the results of 11/, * 1'/, staggered 
arrangement for small-scale '/2-in. and '"/j.-in. tubes and full- 
scale 2-in. tubes, compared with Pierson’s average curves. ‘These 
figures include low-pressure and high-pressure steam tests on the 
2-in. tube apparatus. It will be noted that the small-scale results 
of this series are in good agreement with Pierson’s model results, 
falling slightly below them in regard to the convection factor for 
the Nusselt number and slightly above them in regard to flow 
resistance or friction factor. 

Fig. 6 shows a log-log plot of the results of the 2 x 3 staggered 
arrangement of the small-scale and full-scale apparatus. 

The small-scale and full-scale results of this series are in g00 
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agreement with Pierson’s data, again showing a slight disagree- 
ment in value of slope with regard to the Nusselt number. 

There is good agreement between full-scale and Pierson’s data, 
with the small-scale data of this series falling 10 per cent below 
Pierson’s data. 

Fig. 7 shows a log-log-plot of the results of the 2 X 3 in-line 
arrangement of Pierson’s data and those of the small-scale ap- 
paratus of this series. Fairly good agreement is indicated for the 
Nusselt numbers with a slightly greater than usual discrepancy 
between friction factors. It will be noted that there is good 
agreement in slope between the two Nusselt relations. 

Fig. 8 shows a log-log plot of the results for the 11/4 X 1'/, 
in-line arrangement of Pierson’s tests and those for the small- 
scale of the author’s series. The agreement between Nusselt 
numbers for the two series is fair, but there is a considerable dis- 
crepancy between friction factors. The differences between the 
two series may be due to some dissimilarity, although extreme 
care was exercised in both cases. 

Fig. 9 shows a log-log plot of the constant temperature or zero- 
heat-tiansfer air-flow resistance results for the 1!/, 1'/, stag- 
gered arrangement of both small-scale and full-scale apparatus. 
Those for the case when there was heat transfer are shown in Fig. 
5. Constant-temperature tests were run on the small-scale ap- 
paratus at levels of 100, 500, and 700 F. The constant-tempera- 
ture tests of the full-scale apparatus were run at room-tem- 
perature levels. It will be noted that there is a definite curve 
indicated for each temperature level tested on the small-scale 
apparatus with the friction-factor curve from data taken dur- 
ing convection tests falling between the 100-F and the 500-F 
levels, which is expected. 

It will also be noted that the friction-factor curve representing 
all full-scale results falls somewhere between the family of curves 
representing the small-scale results. 

Generally speaking, it may be said that the agreement between 
results for small-scale and full-scale apparatus is good with refer- 
ence to both convection conductance and flow resistance. 

The agreement between Pierson’s model results* and those of 
the author’s results is also considered good with reference to con- 
vection conductance, and most of the flow-resistance results fall 
in line with one or two exceptions. 

The difference in slope between the model results’ and those of 
the author’s results has been more or less apparent throughout 
the investigation and though no clear-cut explanation has been 
found, an explanation may lie in the method of evaluating the 
temperature effect. It will be recalled that tube temperatures in 
the author’s tests were held more nearly constant than in Pierson’s 
work? where the electrical input is held constant and tube tem- 
peratures are allowed to vary. A more complete discussion of 
the foregoing is reported by Grimison.*‘ 

TABLE2 RATIOS OF TUBE LENGTH TO OUTSIDE DIAMETER OF 
TUBES FOR PIERSON? AND HUGE! ARRANGEMENTS 


——Huge——. 


: Small- Full- 

Pierson scale scale 
Outside diameter of eee eee 0.310 0.502 2 
Ratio of tube length to outside diameter. . 29.500 83.700 24 


Assuming the data and method of correlating results to be 
correct, the results of Fig. 9 would indicate a definite tempera- 
ture effect which should be investigated by further tests. It is 
pointed out that the temperature effect may be a function of tube 
arrangement and that in order to warrant definite conclusions 
it may be necessary to test several arrangements. 


‘‘‘Correlation and Utilization of New Data on Flow Resistance 
and Heat Transfer for Cross Flow of Gases Over Tube Banks,” by 
E. D. Grimison, Trans. A.S.M.E., vol. 59, October, 1937, paper PRO- 
59-8, pp. 583-594. 
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It is pointed out here, as shown in Table 2, that the compari- 
sons between small-scale and large-scale arrangements do not 
satisfy in fact the conditions for exact geometric similarity as the 
ratio of length to diameter of tube, or space between tubes, varies. 
It would be difficult to do so and still maintain limits conducive 
to good accuracy with reference to magnitude of quantities in- 
volved. 

The similarity in spacing arrangements of the small-scale and 
full-scale tubes was maintained very rigidly and every effort 
toward accuracy was expended. Tube sizes, surface conditions, 
length, and other pertinent factors were carefully checked in an 
effort to maintain similarity. 


MEASUREMENTS AND OBSERVATIONS Mape WITH SMALL-SCALE 
APPARATUS 


(a) Air-Flow Data. 
from a calibrated Ellison gage. 
was read from an ordinary U-gage. (3) The temperature at the 
orifice was taken with a mercury thermometer. (4) Wet-bulb 
and dry-bulb temperatures were read at the blower entrance. 


(1) The orifice differential was read 
(2) The orifice static head 
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(5) The barometric pressure was read from a mercury barometer 

(b) Gas Data for Gas Leaving the Mixing Chamber. (1) Adia- 
batic temperature of the mixture was taken in the duct below 
the screen tubes. (2) The gas inlet temperature was taken below 
the bank with bare and shielded couples; the gas outlet tempera- 
ture was taken above the bank with bare and shielded couples. 
The gas inlet temperature was maintained at 600 F below the 
bank. All gas temperatures were taken by means of iron-con- 
stantan thermocouples with a standard Leeds & Northrup com- 
pensating potentiometer. (3) The temperature traverse across 
the duct was made with shielded thermocouples at three positions 
along the duct below and above the bank; the shielded thermo- 
couples were calibrated at one position below and one position 
above the bank by means of a high-velocity thermocouple. (4) 
The gas-velocity traverse was made with an A.S.H.V.E. pitot 
tube below and above the bank. (5) The gas-flow resistance 
across the bank was measured by means of static legs of pitot 
tubes; the static-leg results were also checked by means of an 
impact tube. Both static flow and impact-flow resistance trav- 
erses were made west to east across the duct. (6) The shielded and 
high-velocity thermocouples and potentiometer used were cali- 
brated against a Bureau of Standards certified mercury ther- 
mometer before and after each test series. (7) The duct tempera- 
ture was taken by means of iron-constantan thermocouples im- 
bedded in the duct wall. 

(c) Water-Flow Rate. (1) The water was measured continu- 
ously in a tank weighed on platform scales calibrated before 
and after each test series. (2) The elements were individu 
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ally calibrated and checked for equality of flow before instal- 
lation in the duct; the inlet to the elements was from a common 
header, while the outlet from the elements was also to a common 
header. 

(d) Water Temperatures. (1) The inlet and outlet tempera- 
tures of both screen and bank circuit were taken by means of 
twenty 220-F mercury thermometers calibrated before and after 
each test series. The thermometers were read to 0.2 F. The av- 
erage inlet water temperature was maintained at 90 F while the 
average outlet water temperature was maintained at 180 F. 


MEASUREMENTS AND OBSERVATIONS WitH 
APPARATUS 


(a) Air Flow. (1) The orifice differential was read with a 
micromanometer gage. (2) The orifice static head was read with 
a U-gage. (3) The temperature was read ahead of the orifice. 
(4) The wet-bulb and dry-bulb temperatures were read at the 
blower entrance. (5) The barometric pressure was read with a 
mercury-column barometer. 

(b) Air Temperature. (1) The temperature of air entering and 
leaving the bank was read with iron-constantan, thermocouples. 
(2) The temperature traverse was made at the entrance and exit 
of the tube bank. (3) A high-velocity-thermocouple traverse 
calibration was made at the entrance and exit of the tube bank. 

(c) Pressure Drop. (1) The pressure drop was measured by 
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means of the static leg of pitot tubes; four tubes were evenly 
spaced across the entrance and four tubes were spaced across the 
exit flow areas with minimum of ten tube diameters between the 
measuring instruments and the upstream tube rows. The duct of 
the apparatus was checked in the following four positions along 
its length for any irregularities in flow: Ahead of orifice; between 
the front radiation screen and bank inlet; between the bank 
outlet and rear radiation screen; and ahead of the 90-deg 
straightening vanes at the discharge end. These checks were 
made by means of pitot-tube traverses with room-temperature 
air flowing. 

(d) Steam Pressure. (1) The steam pressure at the header to 
individual row header was measured by mercury manometers. 
(2) The steam pressure at the bottom of individual row header was 
measured by a mercury manometer. 

(e) Steam Temperature. (1) The condensate temperature was 
read at the discharge end of the individual rows. The steam 
temperature corresponded to the saturation temperature of aver- 
age pressure in tubes. 


(f) Condensate Level. The condensate level was maintained 


below the lower header by means of individual gage glasses for 
each element. The level was held at the same elevation at begin- 
ning and end of test. 

(g) Condensate Weights. The discharge from the individual- 
row headers was measured in tanks weighed on platform scales. 
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' Correlation and Utilization of New Data on 


Flow Resistance and Heat Transfer for 


Cross Flow of Gases Over Tube Banks 


By E. D. GRIMISON,' NEW YORK, N. Y. 


In spite of the commercial importance of the tube bank 
in heat-transfer equipment, few experimental data previ- 
ously have been available on convection heat transfer and 
resistance to flow of gases sweeping the tubes in cross flow. 
The new experimental observations reported in the re- 
search program? of the Babcock & Wilcox Company by 
Huge’ and Pierson‘ are therefore of the utmost import- 
ance. Results of tests are reported for a large number of 
tube spacings of the commonly used staggered and in- 
line arrangements with different tube sizes, with a suf- 
ficient number of checks to assure their general accuracy. 
Special equipment was built and tested by Huge? to inves- 
tigate the influence of equipment size on convection and 
flow resistance and the results appear to confirm substan- 
tially the validity of the similarity principle. 

Before these new data could be used in practice, a great 
deal of analytical study has been necessary; this is the 
subject of the present paper. It was considered essential 
to satisfy the following major requirements: 

(2) Develop or select a method of correlation and of 
application of the original data to commercial equipment, 
for which conditions of size and operation may differ 
greatly from those of the experiments. The general rela- 


1 INTRODUCTION 
GENERAL RELATIONS 


S SOME of the terms used, and the theoretical back- 
ground of this development are not familiar to some en- 
gineers who have not been concerned directly with ana- 

lytical work in heat transfer and flow resistance, a brief review 
of this phase is given. 

The bulk of the data used in this paper represent results of 
tests on banks of 0.3-in. diameter electrically heated tubes, cross- 


> swept by air in turbulent flow. For application of these experi- 


mental data to commercial equipment such as the various tube 


| banks of the power boiler,’ where size and operating conditions 


‘Analytical Engineer, Babcock & Wilcox Company. Jun. 
A.S.M.E. Mr. Grimison was graduated in 1927 from Lafayette Col- 
lege with a B.S. degree in mechanical engineering and spent the 
following two years in graduate study and as assistant instructor in 


5 the mechanical-engineering department of the Sheffield Scientific 


© this subject. 


School at Yale University. From 1929 to 1931 he was employed 
with the Fuller Lehigh Company in the research and development, 
erection and service departments. He became associated with 


| Babeock & Wilcox when that company merged with ‘the Lehigh 


Fuller Company. Mr. Grimison is a member of the A.S.M.E. Com- 
mittee on Heat Transfer. 

_ * The Babeock & Wileox Company's research program on convec- 
tion heat transfer and flow resistance in cross flow of gases over tube 
banks includes (1) the experimental investigation of the influe .ce of 


> ‘ube arrangement, (2) experimental investigation of effects of equip- 


ment size, and (3) correlation and utilization of new data regarding 
All three phases of the program are reported in this 


} ‘sue of the A.S.M.E. Transactions; the first by O. L. Pierson, the 
» ‘cond by E. C. Huge, and the third by the author. See footnotes 3 


and 4 on this page. 
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tions developed from the principle of similarity, which 
have been used by Pierson‘ and Huge?’ in presenting their 
results, were selected for this purpose initially. 

(b) Examine the general relations for validity. These 
appear to be satisfactory except that a few uncertainties 
exist in details of application. 

(c) Study differences in characteristics from available 
sources from the viewpoint of causes and where necessary 
modify the original data consistently to reconcile such 
differences. 

(d) By fairing methods correct accidental errors of 
small magnitude. 

(€) Define the relation of the data to the whole problem 
or process and indicate the method of application to work- 
ing needs in a sound general procedure. 

(f) Compare the over-all calculated results with results 
of reliable field tests of commercial equipment, as well as 
with experimental results of other investigators. These 
comparisons indicate that the new data are satisfactory 
with regard to both accuracy and utility. 

All of these phases are discussed at some length in this 
paper, and the results are summarized in the form of work- 
ing relations and charts. 


are so greatly different from the experiments, a well-founded 
theory is essential. 

For both convection and flow resistance, theoretically de- 
veloped general relations were available initially, having a com- 
mon background. In both instances, experimental confirma- 
tions of the theory have been obtained for certain types of flow 
and surface arrangement, but no satisfactory confirmations are 
on record in the literature for the cross-swept tube bank. The 
experimental investigations reported by Huge® and Pierson‘ 
furnish substantial confirmation of the general relations, although 
some new uncertainties in details of application have been re- 
vealed. These are discussed later, and for the present the theory 
will be reviewed briefly without reference to these questions 
of application. Rigorous treatment becomes complicated and 


3 “Experimental Investigation of Effects of Equipment Size on 
Convection Heat Transfer and Blow Resistance in Cross Flow of 
Gases Over Tube Banks,” by E. C. Huge, Trans. A.S.M.E., vol. 59, 
October, 1937, paper PRO-59-7, pp. 573-581. 

4 “Experimental Investigation of the Influence of Tube Arrange- 
ment on Convection Heat Transfer and Flow Resistance in Cross 
Flow of Gases Over Tube Banks,”’ by O. L. Pierson, Trans. A.S.M.E., 
vol. 59, October, 1937, paper PRO-59-6, pp. 563-572. 

Contributed by the Heat-Transfer Committee of the Process In- 
dustries Division for presentation at the Annual Meeting of THE 
AMERICAN Society oF MECHANICAL ENGINEERS, to be held in New 
York, N. Y., December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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has been avoided here, but more extended and more or less rig- 
orous developments are readily available (3, 4, 5, 6).5 

For both convection heat transfer and resistance to the flow 
of the fluid which is responsible for the heat transfer, the theoreti- 
cal developments are based on the principle of similarity. This 
principle is a statement, of that class known in mathematics as 
“self-evident truths,” to the effect that for two fluid streams to 
be similar, it is necessary that all yelocities in one of the streams 
be in constant proportion to the velocities at corresponding points 
in the other stream, and in the same directions, and likewise that 
viscosities, densities, and other significant characteristics must 
be in constant ratio at all points. It is, of course, necessary that 
the solid boundariés of the stream or the submerged bodies swept 
by it be geometrically similar, in regard to both arrangement 
and surface condition, although there are exceptions to the latter. 

By suitable mathematical treatment, certain criteria of simi- 
larity of fluid streams are developed, and are properly related. 
One of these criteria, the Reynolds number, has become quite 
generally known and accepted and is a measure of dynamic simi- 
larity. The Reynolds number consists of four variables arranged 
as a ratio; viz., velocity V and weight density p of the fluid, a 
characteristic linear dimension of the solid boundary such as a 
diameter D, end absolute viscosity of the fluid yu, in the form 
Reynolds’ number Re = pV D/u which is dimensionless. All four 
of these variables may differ in two fluid streams, but if the values 
of the Reynolds numbers for the two streams are the same, they 
are dynamically similar by definition. 

Theoretically, certain flow-resistance effects are the same for 
two dynamically similar streams within similar channels. Con- 
vection effects are similar if the streams are both dynamically 
and thermally similar. Thermal similarity is defined by another 
group of variables. Without extending the discussion of the na- 
ture of these criteria, the general relations resulting from the 
theoretical treatment may be given and defined. Notall authori- 
ties use the same forms, but those which have been adopted in 
this paper are probably most generally used in this country. 

For convection heat transfer, the general relation has the 
form of Equation [1], in which a whole group of variables is 
treated as a single variable, the group having zero dimensions. For 
a single gas, the second group on the right side is constant with re- 
spect to temperature, and as all of the data with which these re- 
ports are concerned are for air, the general relation is simplified 
to the form of Equation [2], which is more convenient and is 
adopted for use. Transposition leads to Equation [2a], giving 
convection conductance, or heat-transfer coefficient U, at the 
gas boundary or film. These Equations are 


UD _ 4 GD.\" cou \" 
k eee eee eee 


or, for a single gas 


k 
k 
U.=B () [2a] 


where U, = convection conductance at solid boundary, Btu/ 
[(hr) (sq ft) (deg F)]; D, = tube diameter, ft; k = thermal con- 
ductivity of gas, Btu/[(hr)(ft)(deg F/ft)]; « = absolute vis- 
cosity of gas, lb/(hr)(sq ft); G = pV = mass (or weight) flow 
of gas, lb/(hr)(sq ft); » = weight density of gas, lb per cu ft; 
V = velocity of gas, ft per hr; c, = specific heat of gas 


5 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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at constant pressure Btu/(lb)(F) A, B, m, and n = values to be 


determined by experiment, dimensionless; UD = Nusselt (or 


K 


D 
convection) number, dimensionless; a = Reynolds’ or flow 


i Prandtl (or fluid-properties) 


number, dimensionless and 


number, dimensionless. 

In general terms, Equation [1] means that for two similar 
fluid streams with heat transfer between the fluid and its solid 
boundaries, the Nusselt numbers standing for convection effects 
must be the same and must be functionally related to the Reyn- 
olds and Prandtl numbers, the first being the criterion of 
dynamic, and the two together of thermal similarity. 

The fundamental general relation for flow resistance which 
also groups the variables in dimensionless ratios, is omitted here, 
to save detailed explanations. The general relation of Equation 
[3], which is used in the present work, is derived from it after 
modifications permitting the use of convenient units for the 
several variables, and is sound to the same degree as the funda- 
mental relation. This equation is 


where AP = total pressure drop across bank, in. of water; f =a 
friction factor which is a function of Reynolds’ number, dimen- 
sionless; N = number of major restrictions encountered in flow 
through the bank; and 10.84 X 108 = a constant which includes 
the acceleration of gravity in ft per hr per hr and the conversion 
from lb per sq ft to in. of water, lb/((ft)(hr?)(in. water) ]. The 
friction factor 


= function [4] 


The relation of Equation [3] is of the general Fanning type, and 
treats the pressure drop across the bank as being due to flow 
through a series of orifices formed by the successive major re- 
strictions in the flow paths. 

The effects of mass-flow rate, of size, and of fluid temperature 
are automatically accounted for in these relations if the theory is 
correct, so that in comparing convection in two tube banks of 
different arrangements, the ratio of Nusselt numbers is identical 
with the ratio of convection heat-transfer rates, for equal mass 
flow, temperatures, and tube sizes in the two cases. Similarly, 
the ratio of values of friction factors is identical with the ratio of 
pressure drops for two arrangements, under the same quailifica- 
tions. It should be noted that the equalities of these ratios apply 
to equal mass-flow rates in pound per hour per square foot of 
flow area, and not to equal loads in pounds of gas per hour per 
square foot of surface. 


VALIDITY OF GENERAL RELATIONS 


The practical objective of formal correlation of experimental 
data is to facilitate their safe extension to conditions of useful 
applications. Completeness of the selected general relations 
and satisfactory correlation within experimental ranges are, of 
course, essential. Huge* and Pierson‘ have presented their data 
on heat transfer in plots of Nusselt versus Reynolds’ number rep- 
resenting Equation [2], and on flow resistance as plots of friction 
factor versus Reynolds’ number representing Equation (4). 
These are probably the best initial choices as bases of correlation, 
but are subject to examination for completeness and validity, 
and proper procedure in details of application must be developed 
empirically from the test results. 

From the engineering viewpoint, the validity of Equations (2), 
[3], and [4] is best considered in several phases; i.e., in relation 
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to the influences of rate of gas flow, of equipment size, and of gas 
temperature and chemical composition or physical properties. 
It is of course clear initially that the numerical values of propor- 
tionality factors and perhaps of exponents also will vary with 
different arrangements or spacings of tubes in a cross-swept bank, 
and identification of these variations was the primary objective 
of investigation. Mass flow @ is used in the general relations, 
rather than the product of velocity and specific weight or mass 
density which are sometimes evaluated at different temperatures. 
The procedure used in this paper is common practice in this 
country and is supported by Pierson’s results‘ for varying air 
densities. It had previously been well-established for cases 
other than the cross-swept tube bank. 

Of paramount importance with reference to application, 
the validity of the relations in respect to size, as represented 
tube diameter in Equations [2] and [4]. 
been confirmed in the present investigation beyond reasonable 
doubt, in the range of 0.3-in. to 2-in. tube diameters, as reported 
by Huge.* Considering the departures in many details from 
exact similarity in tests of the several sizes, this confirmation is 
remarkably good, and application of the results to long tubes of 
diameters up to 4 in. and perhaps larger would appear to be en- 
tirely safe. 

In later detailed consideration of the data, certain modifications 
are made in the results of tests by Pierson‘ on the 0.3-in. tubes 
in respect to convection characteristics only, from comparisons 
with Huge’s results’ for larger tube sizes. Although the causes 
of the qualitative discrepancies leading to this general modifica- 
tion of Pierson’s convection data‘ have not been discovered, it is 
unlikely that disparity in size is responsible. The disparity is 
more probably connected with the situation as to temperature 
effects, which for convection especially are not clearly established. 
The influence of temperature is the third feature of practical con- 
cern, and is included in the general relations indirectly, through 
the fluid physical properties of thermal conductivity, absolute 
viscosity, and density. All of these vary with temperature, 
and a theoretical treatment has not been established. This 
leads to considerable confusion in practice, and several proce- 
dures have developed without satisfactory experimental con- 
firmation in any case. 


2 CORRELATION OF DATA ON FLOW RESISTANCE 


Although the present investigation was undertaken primarily 
to investigate the influence of tube arrangement on thermal per- 
formance of tube banks cross-swept by gases, the measurements 
of flow resistance have become the feature of probably greater 
interest, both practical and scientific. Great variations in flow 
resistance have been found, particularly for tubes arranged in- 
line, accompanied by relatively small changes in convection con- 
ductance. 

Huge® and Pierson‘ show the results of their measurements as 
values of the friction factor f in the general relation of Equation 
[3]. As indicated by Equation [4], f would be expected to vary 
as a function of Reynolds’ number, without regard to values of 
the individual members of the latter. This is supported by a 


Wealth of data on flow in pipes and through orifices, and within 
limits has been shown for cross flow over tube banks also, the 
latter data having been summarized by Chilton (7). For most 
of these cases, in the turbulent-flow region, Equation [5] is valid 
Over a wide range of Reynolds’ numbers, the proportionality 
factor C and exponent X varying with factors of geometry of the 
flow channel and solid boundaries, that is 


This appears to hav@ Fg 
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Before any conclusions were reached concerning the validity 
of Equation [5] for application to tube banks, it became necessary 
to investigate empirically the influence of gas temperature on the 
flow resistance or friction factor f. The conventional practice 
of evaluating gas density at mean fluid temperature was clearly 
not satisfactory. Empiric analyse@were made of variations in 
flow resistance from full and b&. electric-power input, and 
isothermal runs by Piers ermal and nonisothermal 
tests with (a) gas beating by Huge* on his 
small-size quations [6], of the 
he fluid density 

r, and permitted 

t roups of data; 


6a 


ts = for evaluation of gas density in Equation 
; ¢, = mean tube temperature, F; and At, = 
* Mean temperature difference between gas and tubes, 
F. The sign of the second term on the right, is plus 
for gas cooling by heat transfer to cool tubes, and 


minus for the opposite direction of heat flow. 


This procedure was later applied to results of tests by Huge*® 
on banks of 2-in. tubes when these became available, the data in- 
cluding nonisothermal runs at two different tube temperatures 
in the case of one arrangement, and isothermal runs on all three. 
Correlations of flow-resistance results on this basis were excellent. 

The validity of the general relation is clearly indicated by the 
comparisons of tests on large and small tubes shown by Huge.* 
The differences between results on the several test setups for 
the 1'/4 X 11/4 staggered banks are regrettably large, but prob- 
ably are due to the great difficulties in making accurate measure- 
ments on such closely spaced tubes, where the free space is only 
one quarter of one tube diameter, rather than to the invalidity 
of the general relations. The large effect of small errors in end 
clearances on the indicated values of the friction factors has been 
shown by Pierson,‘ who had to follow a very painstaking proce- 
dure in setting up his closely spaced banks of small tubes. 

The comparisons of results for the 1'/, X 1'/, arrangements, 
both staggered and in-line, show Pierson’s values‘ of friction 
factor to be characteristically higher at close spacing than 
Huge’s.* In the absence of any discovered evidence of error in 
the results of either investigator, there is no choice but to average 
the results at the close spacings. This practice is supported by 
results of tests on 2-in. tubes. 

Averaging was accomplished by plotting and drawing mean 
curves representing the results generally. This was necessary 
because the data from the small-sized banks do not cover the 
same range of Reynolds’ numbers. In this connection, attention 
is called to the characteristic shapes of the curves of friction 
factors versus Reynolds’ numbers for the small-sized apparatus. 
In most cases, at the lower end of the range of Reynolds’. num- 
bers, the friction-factor curve tends to hook rather sharply down- 
ward. When several sizes of tubes were tested, so that the Reyn- 
olds-number ranges of the several test series overlapped, this 
downward hook intersects the horizontal portion of the character- 
istic curve for the next smaller size. It appears fairly evident 
that the general characteristic curve is a nearly horizontal line 
at lower Reynolds’ numbers, inclining downward with Reynolds’ 
numbers, above 10,000. This general shape has been followed 
in most cases, averaging the original values, with exceptions in a 
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Fic. 1 Friction Factors ror In-Line TuBE Banks 
few instances in which the friction-factor curves are generally APPLICATION TO CALCULATIONS qi 
U-shaped or in which the friction factor increases with the Reyn- The general relation of Eq: stion [3] should be directly applic- F- 
olds number. able to calculations of draft loss or pressure drop, with of course 
After slight modifications of the friction-factor values in line que allowances for stack effect and differences in velocity head f- 
with the preceding observations, values were plotted and cross- hetween gage-connection points wherever these corrections are F- 
plotted in relation to transverse and longitudinal spacings at significant. ‘ 
several values of the Reynolds number, including Re = 2000 to For practical purposes, sufficient accuracy is had by taking f 


which value the original results were extrapolated where neces- from Figs. 1, 2, or 3 the values of f at Reynolds’ numbers spanning 
sary. Values from tests of 2-in. tube banks, which were con- the one in question, and interpolating arithmetically to deter- 
sidered most reliable, and from average curves of the Pierson‘ mine the value sought. The gas density in Equation [3] should 
and Huge* results, were used as guide points in plotting and be evaluated at a temperature defined by Equation [6], but ap- 
fairing. In effect, this procedure introduces generally minor proximate methods of handling this sometimes troublesome de- 
modifications to the original Pierson data,‘ bringing them con- taj] are easily developed for various special conditions of applics- 
sistently into line with the large size and average values which _ tion. 

were accepted as reliable. Entrance and exit losses are included in the values of the fric- 

The large number of data which have resulted from this in- tion factor, which therefore apply strictly only to a tube bank 
vestigation are conveniently summarized in three groups, as ten rows deep. For banks of less depth, correction factors ma! 
follows: (a) In-line arrangements, in which the number of be taken from Fig. 17 of Pierson’s paper,‘ showing the results o! 
major restrictions N equals the number of rows. (b) Staggered direct tests on two banks, one staggered and one in-line, of which 
arrangements, with minimum flow area in transverse intertube the depths were varied systematically. As Pierson’s data‘ apply 
spaces, or openings, and N equal to the number of rows. (c) to specific tube spacings, they are not exact for others, but prol- 
Staggered arrangements, with minimum flow area in diagonal ably the corrections are sufficiently accurate for general practical 
intertube spaces or openings between tubes, and N equal to  yse. For banks deeper than ten rows, the corrections are small 
number of rows less one. enough to be neglected. 

The friction factor values for these three groups of arrange- It should be noted particularly that these values of friction 
ments are summarized in the three-dimensional charts shown in factor correspond to the use in Equation [3] of values of mas 
Figs. 1,2, and 3. These charts represent in effect a combination ff9w G for the minimum flow area between tubes of the bank, 
of four conventional charts for Re = 2000, 8000, 20,000, and 40,000, whether this occurs in transverse or in diagonal openings. The 
arranged to be viewed in perspective, and showing the friction definition of N in Equation [3] as the number of minimum ! 
factor f in relation to transverse and longitudinal center-line  strictions must also be carefully regarded. 


t 
spacing in terms of tube diameters, or S,/D, and S,/D,, re- ; 
spectively. Ifa curve is drawn through the friction-factor values Accuracy OF Resuuts ‘ 
of the four fields for a given arrangement, the f—Re characteristics, The general accuracy of these data is of high order, probably 
similar to those shown by Huge* and Pierson,‘ result. The much better than can be expected from the run of field-test ‘ 
Reynolds-number scale is of course not fixed. sults. Certain modifications to the original data of Piers0® t 
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Fic. 4 Comparison oF Friction Factors Fretp MEASURE- 
MENTS OF Drart Losses tn EcoNOMIZERS WITH STAGGERED-TUBE 
BANKS 


and Huge® have been found necessary, but these apparently are 
in the direction of improvement in accuracy. Comparisons of 
the final data with the original values have been omitted here be- 
cause of space requirements, but in general changes have been 
small, affecting shape of curves rather than position, with some 
exceptions. For the bulk of the data, the maximum error is of 
the order of +5 per cent and the average is smaller. The limits 
of accuracy are somewhat greater for staggered banks in which 
the diagonal flow area is the minimum. 
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Fic. 5 Comparison or Friction Factors MEASURE- 
MENTS OF Drart Losses IN a Cross-FLow Arr HEATER WITH IN- 
Line TuBE Bank 


The direct practical utility of these data may be judged by 
comparisons with suitable field-test results. Although a great 
mass of field data are available, only a very few reports are suit- 
able for this purpose. Most of them must be discarded because 
of the occurrence of bends and changes in section between measur- 
ing points, of lanes within the bank or at the sides, or because 
the locations of instrumental connections were not reported or 
could not be determined with any certainty. 

Economizer field tests were found useful for purposes of com- 
parison, all representing a X staggered arrange- 
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ment of 2-in. tubes. Friction factors from some of these field 
tests are plotted in Fig. 4, and compared with a curve of values 
from Fig. 2 for this arrangement. The mean curve of the field 
data is about 5 per cent lower than that of the experimental 
values. Of greater significance in view of the high values of f, 
for closely spaced tubes, is the comparison in Fig. 5 of values of 
friction factors from Fig. 1 for a 1.3 X 1.6 in-line bank of 2!/2 
in. tubes, with recent results of careful field measurements. Here 
the field results are about 7 per cent higher than the experimental 
values, corresponding for instance to a calculated value of 4 in. 
of water and a measured value of 4.3. 


Comparisons WITH Previous EXPERIMENTS 


Data of previous experimental investigations, covering a 
period of years and undoubtedly of variant accuracy, have been 
collected and recalculated by Chilton (7) on a basis substantially 
the same as that used here. Chilton uses the clearance between 
tubes as the characteristic dimension in Equation [4] rather than 
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the tube diameter, but the conversion is easily made to the busis 
used here. 

Comparisons of the data shown graphically in Figs. 1, 2, and 
3 with values of friction factors as given by Chilton are shown in 
relation to Reynolds’ number in Figs. 6 and 7. Tube spacings 
are indicated on the curves in terms of tube diameters; for ex- 
ample, (2 X 1.48) indicates a staggered tube arrangement S 
spaced at two tube diameters transversely, and at 1.4 diameters 
longitudinally, of direction of fluid flow. In general, the agree. 
ments are more numerous than were expected from previous ac- 
quaintance with the data of the literature. Of particular in- 
terest are Sieder’s data (8) for water, kerosene, light and heavy 
oils, representing very extensive tests on a bank of tubes spaced 
at 1.25 X 1.08 diameters, staggered. The exact agreement of 
Sieder’s data (8) on a variety of liquids with the data shown 
graphically in Fig. 3 for air is important in several respects. It 
confirms the validity of Equations [3] and [4] for all fluids, as well 
as the relatively high values of the friction factors which have 
been given for close tube spacing. Chilton improved Sieder’s 
correlation of his data by use of an empirically determined 


Lye Author deldes 5 temperature basis of evaluating fluid density. The definitions 
10 55. given by Chilton of the significant fluid temperature are 
“ T qth similar to those of Equation [6] except that the numerical factor 
ahuthor S(Extrop) in the second term on the right-hand side is given as 0.8 for fluid 
der heating, and 0.68 for fluid cooling. The first value is the same 
os | L as that of Equation [6a], applying to staggered banks. Presum- [- 
ably all of Chilton’s data are evaluated on this basis, and 
Rier sche! | ~ Author therefore are comparable with those reported here. 
An extensive experimental investigation of flow resistance of 
author cross-swept tube banks was reported by Brandt (9, 10). Wooden 
cylinders were arranged in banks six rows deep and of varying 
© widths, between glass end plates; a few tests were made using 
27 oo iron tubes. Diameters were 39.8, 59.6, and 79.8 mm for wooden, 5 
S 06 . and 63.6 mm for iron tubes, which for a fixed tube length of 100 fF 
> mm, correspond to length-diameter ratios from 2.52 to 1.25; 
< = extremely small values in all cases. Original data of a great 
uw 45 } many tests on a wide variety of arrangements are not given, and 
comparisons have been made with values calculated from Brandt's 
= general relation and accompanying graphs of constants. 
08 t These comparisons are too extensive for inclusion in this paper, 
sf 2s but large discrepancies were found. The new values range from | 
54 per cent higher to 22 per cent lower than Brandt’s for corre- | 
TT sponding arrangements in-line, with one or two wider discrepancies 
J Rows and from plus 50 per cent to minus 15 per cent for staggered banks. 
£56257} The discrepancies do not vary systematically with tube arrange- 
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nates) of Nusselt numbers in relation to Reynolds’ numbers, 
these terms having been defined and discussed previously. In 
Figs. 4 to 9, inclusive, of Huge’s paper, his results are compared 
with Pierson’s on several similar bank arrangements. Slopes 
of curves of Nusselt numbers versus Reynolds’ numbers from 
Pierson’s results are characteristically greater than those from 
Huge’s data, and in addition there is a tendency to curvature or 
a change in slope of the former, as compared with Huge’s linear 
characteristics. 

Elimination of these differences, by identification of their 
causes if possible, is a necessary preliminary to correlation of the 
convection data. The causes presumably are associated with 
the differences in experimental methods used by the two investi- 
gators,** and these include factors of tube size and position, of 
air pressure, and of variations in tube temperature with rate of 
air flow. 

All of these possibilities have been examined without disclos- 
ing explanation of the discrepancies in question. Effects of tube 
size or position probably would be reflected more markedly in 
flow-resistance results, where remarkably good agreement has 
been shown. No perceptible effect of changes in air pressure in 
Pierson’s tests‘ are indicated by examination of the data on either 
convection or flow resistance. 

Greatest uncertainty does, however, exist in the treatment of 
temperature effects. A great deal of study has been given to 
this phase of the problem, without reaching any satisfactory 
solution. The problem involves the different directions of the 
heat transfer in Pierson’s and in Huge’s small-size apparatus,**4 
and the wide variations in tube temperatures with rate of air 
flow in Pierson’s as compared with substantially constant tube 
temperature in Huge’s apparatus. The good agreement of re- 
sults of Huge’s tests* on large-size banks with air heating with 
those on small-size banks with air cooling, indicate that the direc- 
tion of heat transfer has no effect on its magnitude. 

Variation of tube temperature in Pierson’s apparatus‘ with 
rate of air flow appears to be the most probable cause of the quali- 
tative discrepancies of results. This conclusion not well-sup- 
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ported by the data from Pierson’s tests‘ with reduced electrical 
input, which are in good agreement with normal input results in 
most cases, but the temperature ranges are not sufficient to ar- 
rive at any better conclusion. For the same reason, it has not 
been possible to derive any empiric treatment of temperature ef- 
fect. 

A number of analytical devices have been tried, including that 
recommended by Sieder (11). None of these result in any general 
improvement over the conventional procedure which has been 
adopted. Lacking any better treatment, all data in this report 
are evaluated by taking thermal conductivity k and absolute 
viscosity » of Equation [2] at a temperature which is the average 
of tube and air-stream mean temperatures; i.e.,at average bound- 
ary-layer or film temperature. This procedure brings the data 
from the several sources into better agreement quantitatively 
than the alternative simple procedure of evaluating physical prop- 
erties at average fluid temperature, but it is interesting to note 
that a change to the latter basis would bring the slopes of the 
curves nearly into agreement. 

It is obvious from the foregoing that the discrepancies in slopes 
of the curves of Nusselt numbers versus Reynolds’ numbers are 
due to inadequate analysis, rather than to inaccuracies of the 
original experimental observations which are believed to be of 
high order. It is probable tat a satisfactory solution will not 
be found without further experiment covering much greater 
ranges of temperature. 


MobpIFICATION TO Prerson’s DaTa 


In the absence of a method of correlation which would bring 
the data into both qualitative and quantitative agreement, it is 
necessary to adopt as basic those results which most nearly rep- 
resent conditions of application or use, and bring the others 
consistently into agreement with them by any available means. 
The field of application of chief interest in the present instance 
(steam boilers and related heat-transfer equipment) is more 
nearly represented by temperature conditions of Huge’s experi- 
ments,’ in which tube temperatures are substantially independent 
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of thermal load on the surface, and where thermal current varies 
with rate of flow. Huge’s data* were therefore accepted as basic 
in respect to characteristic values of slope of the curves of Nusselt 
numbers versus Reynolds’ numbers and a relation between slopes 
of these curves from the two sources was sought as a basis for 
consistent modification of Pierson’s data.‘ It should be noted 
that relative values finally are of more significance than absolute 
values because of the usual necessity of adjustments, due to the 
combined effect of convection and other resistances, to bring them 
into line with field tests. 

Study of the data from the two sources*‘ reveals an interesting 
relation between slopes of curves of Nusselt numbers versus Rey- 
nolds’ numbers, and slopes of straight-line approximate averages 
of curves of friction factors versus Reynolds’ numbers (here, as in 
preceding discussions, slope refers to plots on logarithmic coor- 
dinates). Referring to Fig. 8, the data from Huge’s tests’ are 
plotted at A, and there is a definite trend as shown by the mean 
curve. Corresponding plots from Pierson’s data‘ are shown at B, 
with a mean curve, and for comparison, the mean curve from 
Huge’s data® is added. The parallelism between the two is 
noteworthy, as shown by a third curve drawn by deducting 0.04 
from the mean curve of Pierson’s data.‘ 

The latter curve was used as the basis for modification of all 
of Pierson’s Nusselt-Reynolds’ number characteristics. Although 
this represents an average reduction of 0.04 in values of the ex- 
ponent of Reynolds’ number in Equation [2]; in individual cases 
the reduction varies from zero to Ozlz. This device is a convenient 
generalization of trends rather than a rigid empiric relation. 
Refinement is not justified, as a rigid interpretation of Fig. 8 
would require that the convection characteristics be nonlinear, 
corresponding to the friction-factor curves. 

There is a definite trend toward quantative agreement of 
Pierson’s and Huge’s values of Nusselt numbers in the neighbor- 
hood of a Reynolds number of 30,000, and this was adopted as 
general. The modifications to Pierson’s data‘ finally took the form 
of passing a straight line through the original Pierson curves at a 
Reynolds number of 30,000, the new relation of the curves of Nus- 
selt numbers versus Reynolds’ numbers being given slopes accord- 
ing to the curve marked “Basis of Modification,” shown in Fig. 8. 

This procedure rather arbitrarily disregards the sharp down- 
ward break of original curves of Nusselt numbers versus Reynolds’ 
numbers at low rates of flow for a few arrangements. Here again 
there is considerable uncertainty associated with causes, and 
the neglect of this circumstance reflects only the author’s judg- 
ment as to permissible license in modifying the data for applica- 
tion. Fortunately, only a few arrangements are affected, in- 
cluding several that are not very desirable from other considera- 
tions. 


Fina, CorRELATION OF CONVECTION DaTA 


For correlation of convection data in relation to tube spacing, 
and for working purposes as well, it is convenient to adopt as 
basic a well-established convection factor for some given arrange- 
ment and spacing, and convert the values for other arrangements 
to the form of “arrangement factors,” defined as 


U, 
Nu 
* (Nu) Base 


when mass flow, temperature, fluid, and diameter are constant, 
and where F, = arrangement factor for convection heat transfer; 
U, and Nu = convection conductance and Nusselt number for 
any given tube arrangement; and (U,) Base and (Nu) Base 
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TABLE 1 VALUES OF B AND (m) IN THE GENERAL RELATION 


UcDt/k = B(GDt/u)m 


Transverse spac- 


ing = S7T/Dt 1.25 1.5 2 3 
Longitudinal 

= 

SL/Dt B m B m B m B m 
Staggered 

0.600 0.213 0.636 

0.900 a 0.446 0.571 0.401 0.581 

1.125 : 0.478 0.565 0.518 0.560 

1.125 0.518 0.556 0.505 0.554 0.519 0.556 0.522 0.562 

1.500 0.451 0.568 0.460 0.562 0.452 0.568 0.488 0.568 

2.000 0.404 0.572 0.416 0.568 0.482 0.556 0.449 0.570 

3.000 0.310 0.592 0.356 0.580 0.440 0.562 0.421 ‘0.574 
In-line 

1.250 0.348 0.592 0.27 0.608 0.100 0.704 0.0633 0.752 

1.500 0.367 0.586 0.250 0.620 0.101 0.702 0.0678 0.744 

2 000 0.418 0.570 0.299 0.602 0.229 0.632 0.198 0.648 

3.000 0.290 0.601 0.357 0.584 0.374 0.581 0.286 0.608 
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are values for a reference arrangement, for which average re- 
sults for the 18/, X 2 in-line arrangement are here selected. 

Values of the arrangement factor have been calculated from 
Huge’s* and Pierson’s‘ data, the latter modified as described 
previously, and plotted and cross-plotted in relation to spacing. 
Values from the two sources have been averaged where discrep- 
ancies exist, these being small in most cases. There is no ap- 
parent systematic difference in values from the two sources con- 
sidered. 

Final averaged values of arrangement factor F, are shown in 
Fig. 9 for in-line arrangements, and in Figs. 10 and 11 for staggered 
arrangements, transverse-flow area being the minimum in the 
former and diagonal in the latter. In all cases, mass flow is 
calculated corresponding to the minimum flow area, whether this 
occurs in transverse or in diagonal openings. 
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This makes a convenient working basis, the general relation 
being the product of the convection-conductance equation for 
the average curve of the 15/, X 2 in-line arrangements, and the 
arrangement factor. 


U, = 0.284F, [8] 


D,°: 39 


Arrangement factor F, is taken from Figs. 8, 9, or 10. Thermal 
conductivity k and absolute viscosity u are evaluated at the 
average of gas and tube mean temperatures. 

The convection data are summarized in another form in Table 
1, which gives values of the constant B and exponent m in the 
general relation given as Equation [2]. The data of Table 1 
correspond to those given by the combination of Equation [8] 
and F’, values of Figs. 9, 10, and 11; i.e., they represent the final re- 
lations after modifications, fairing, and averaging as described 
previously, 

Equation [8] applies strictly to banks ten rows in depth. For 
banks of lesser depth, convection conductance is reduced, and 
Pierson‘ has given correction factors in Fig. 17 of his paper‘ for 
Specific in-line and staggered arrangements. In view of the dis- 
parity between values of the correction factors found by actual 
variation of depth of bank, and by calculations from measured 
conductances at individual rows of ten-deep banks, these curves 
may be applied to any arrangement for lack of better information. 
Probably the factors vary with spacings of tubes, but specific 
data are not now available. 

The progressive increase in convection conductance from row 
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to row and continuing to about the fifth row, where it appears 
that steady conditions are established, must result from genera- 
tion of mass disturbances of the stream. These disturbances 
persist for some distance downstream of the bank, and tests by 
Reiher (12) and by Griffiths and Awbery (13) indicate no sub- 
stantial dissipation of these disturbance effects five tube diameters 
downstream from a single row of tubes. Unless a substantial 
distance separates the first row of a bank from the last row of 
another bank preceding it, it is advisable to make no correction 
for depth of the second bank. 


Comparisons WitTH OrHer Data 


Comparisons have been made in Fig. 12 of the convection data, 
from Equation [8] and Figs. 9, 10, and 11 suitably adjusted for 
depth of bank, with data reported by other investigators, taken 
from literature sources (12, 13, 14, 15, 16, 17,18, and 19). Space 
is not available in this paper for review of the methods of deter- 
mination of these data, but this material is available in the origi- 
nal sources and with exceptions, in some of the texts. Lind- 
mark’s report (14) has been translated from the Swedish, and is 
not available in the English literature. Griffiths and Awbery 
(13) have published their data more recently than any of the 
available texts written in English. The data reported by Thoma 
(15) from mass-transfer tests have been omitted, as they are 
superseded by those of Lohrisch (16) who improved the technique 
and used larger apparatus. 

All of these data have been recalculated to the same basis, as 
far as possible. This has involved a great deal of labor and some 
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assumptions, since the original test values are not always given. 
Attention is called to Reiher’s results (12) in particular, which 
have been widely accepted and form the basis of reeommenda- 
tions in some texts. Reiher’s very unorthodox definition of the 
temperature difference between gases and tubes apparently has 
been overlooked by most authorities, and has made it necessary 
to recalculate all of his results. 

Not much of value can be gleaned from these comparisons, 
since no consistent trends are indicated. No interchecks be- 
tween literature data are possible because of differing arrange- 
ments, although errors must occur in some of them. The com- 
parisons with Lindmark’s values for 1.40 X 1.22 banks, and with 
Reiher’s for 1.49 X 1.20 banks, both staggered, may be noted. 
Agreement with the first is poor, and with the second excellent, 
and since there should be no great difference between values for 
these two arrangements, the question arises as to which should 
be accepted. 


4 GENERAL CONCLUSIONS 


The most important over-all result of this new work is the large 
amount of reliable information on relative performances of tube 
banks of a wide variety of arrangements. The resulting greater 
certainty of design calculations should make for better balance 
and economy of design, and for lower service costs to meet guar- 
antees if the data are properly applied. 

Within certain limits the value of model testing is established. 
For this type of equipment, extreme accuracy in establishing all 
dimensions is necessary if size is reduced below one-quarter scale, 
to avoid magnified effects of errors. As far as practicable, the 
conditions of experimental measurements should simulate those 
of expected application. The latter conclusion is not new, but 
is emphasized by the difficulties which have been encountered 
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Fig. 12 Comparisons OF CONVECTION-HEAT TRANSFER Data WiTH THOSE OF OTHER INVESTIGATORS 
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in preparing these data for application, as discussed previously. 

Considerable attention has been given by some investigators, 
notably Colburn in this country and Prandtl in Germany, to 
mathematical relations between convection-heat-transfer rate 
and flow resistance. No attempt has been made in the present 
study, to explore this possibility but it appears on inspection that 
the two are not related in the sense that the first is a function of 
the second. For present purposes the completeness of the data 
on both convection and flow resistance vitiates to a great extent 
the practical value of such a relation. 


APPLICATIONS TO DeEsIGN CALCULATIONS 


As already indicated, the data on flow resistance are applicable 
directly to calculation of pressure drop in commercial cross-flow 
tube banks, with proper provisions where necessary for unequal 
flow across banks in which “lanes” or other irregularities occur. 
Theoretically, they may also be applied to turbulent flow oi 
liquids, and this is supported by the comparison of Figs. 6 and? 
with Sieder’s (8) data for several liquids. 

The utility of the convection data is of highest order when they 
are incorporated in a complete analytical treatment of thermal 
performance; one which identifies and properly combines the 
effects of major thermal resistances. These are in general gase- 
ous radiation in intertube spaces in parallel with convection, 
the corresponding gas-boundary resistance being in series with 
resistances of dirt, soot, scale, coke, or other solid deposits 0 
tube surfaces and with that at the boundary of the receiver fluid 
When other resistances are relatively large, the accuracy of de 
termination of the over-all resistance or its inverse conductance, 
is subject to the order of accuracy of predictions of individual 
sistance values. 

The utility of these data for original design may be enhanced 
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by combining the flow-resistance and heat-transfer effects to de- 
termine optimum spacing for design conditions which are ordi- 
narily imposed in a given class of work. For instance, it is fre- 
quently necessary to select a bank of tubes to occupy a given 
plan area, set by building columns or connections to related equip- 
ment, and to absorb a specified quantity of heat at a specified 
load or heat input to the bank in the gases. Assuming the heat 
transfer to be by convection only, or substantially so, tube spac- 
ings affect draft loss, required heating-surface areas, and heights 
as shown in Fig. 13, for both staggered and in-line arrangements. 
The effects of variation in mass flow with changes in tube spacing, 
under the stated condition of constant weight of gas per hour, 
are of course included. 

Substantial savings in heating surface are indicated at close 
transverse spacings, but are accompanied by high draft losses. 
Some rough estimate of relative costs of fans and fan power 
against additional heating surface, casing, supports, and space 
is necessary, but a reasonably good first selection of tube spacing 
probably can be made by inspection. If detailed calculations 
are made for the selected tube arrangement, the effects of varia- 
tion from it may be determined by ratios from the curves of Fig. 
13. 

The foregoing is of course a rudimentary analysis of a phase 
of the general design problem, but is offered in illustration of a 
direction of extension of the data toward broader utility. The 
ultimate solution would of course include many other factors of 
costs, both initial and operating. It is desirable to reiterate that 
it has been assumed that convection controls the heat transfer. 
Occurrence of other relatively large resistances in parallel or in 
series will lead to some modifications of conclusions. 


RELATED PROBLEMS OF APPLICATION 


The value of these new data will be greatest to users who are 
quipped to app.’ them in a full analytical treatment of the 


problem. In this connection, it is desirable to summarize the 
relation of these data to the other phases of the problem. 

The thermal performance of cross-flow tube banks depends on 
the over-all value of the thermal resistance to transfer of heat 
from a source fluid on one side of the tube wall to a receiver fluid 
on the other side. The over-all resistance is the sum of three 
partial resistances in series, which are of different kinds; that is, 
the resistances (a) at the boundary of the fluid sweeping the ex- 
ternal surfaces of the tubes, (b) of the tube wall and any solid de- 
posits which may accumulate on both of its faces in operation, 
and (c) at the boundary of the fluid inside the tubes flowing paral- 
lel to the tube walls, and which may be heating or cooling, 
boiling or condensing. 

The resistance at the boundary of the external cross-sweeping 
fluid, assuming the latter to be a gas, is the reciprocal of a thermal 
conductance, which is the sum of a convection part and a radia- 
tion part. For air, convection conductance may be taken directly 
from the data which have been given in this paper, and for 
other common gases may be estimated with reasonable accuracy 
from these data by application of Equation [1], if physical con- 
stants are known. For liquids in turbulent flow, other basic 
data must be combined with the arrangement factors of Figs. 9, 
10, and 11. 

In spite of the small values of effective gas-layer thicknesses in 
most tube banks, radiation between tubes and gases in intertube 
spaces is often a factor of importance in tube-bank performance. 
As a basis for calculations, there are available recent experimental 
measurements of radiation of carbon dioxide and steam by Hottel 
and Mangelsdorf (20), which have been confirmed approximately 
by Fishenden (21), but for water vapor are in marked disagree- 
ment with previous data by Schmidt (22). The Hottel and 


Mangelsdorf data may be accepted for present purposes, and 
values of radiant conductance may be calculated from the original 
values and suitably plotted for use. More pertinent to the 
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present problem is the lack of suitable simple methods of deter- 
mining, for any given bank, the effective radiating mean thick- 
ness of the gas body between tubes. Hottel (23) has given values 
for certain defined conditions, but extension of these data is 
greatly to be desired. For the present, grossly approximate esti- 
mates are commonly used. 

For the inside boundary conductance, or its inverse resistance, 
data are available as a basis for a general calculation procedure. 
These data are not of satisfactory accuracy for all circumstances 
of application, but it is generally true that an approximate value 
can always be determined. In many cases, the inside boundary 
resistance is so small relative to the other resistances in series, 
that it may be neglected entirely. 

Few data of a fundamental nature are available on the thermal 
resistances of solid deposits normally occurring on tube surfaces. 
However, as the nature and extent of the fouling depends to a 
great extent on the fuel in direct-fired equipment and on operating 
practices, the most useful data on this resistance are those show- 
ing its net effect on performance, as determined from field tests. 
This is true of the present situation, but development of knowl- 
edge will lead to more detailed analysis of this phase of the prob- 
lem. 

The effective value of the fouling resistance (including tube- 
metal resistance when this is relatively small) is calculated from 
test data in any given case as follows: From known values of 
effective heating surface, and test data on heat transferred and 
mean temperature difference between source and receiver fluids, 
the over-all thermal conductance (heat-transfer rate) may be 
calculated, and its inverse is the mean over-all resistance. Ex- 
ternal and internal fluid-boundary resistances are calculated from 
fundamental data, mainly from literature sources, suitably ana- 
lyzed and modified if necessary, and assumed to be correct in 
the absence of special information. The “‘wall resistance’’ is the 
difference between the test value of over-all resistance and the 
sum of the calculated values of resistances at the fluid boundary. 

The greatest possible quantity of data should be collected on 
wall-resistance values, and related as far as possible to factors 
of influence such as fuel type, cleaning devices, and frequency of 
their operation, and for unfired apparatus to the type and stability 
of such factors as the fluids and velocities. When these data are 
combined with those previously established for fluid-boundary 
resistances, they form the basis of a sound and flexible calcula- 
tion procedure, subject to broad application. Experience has 
snown that a general basic procedure of this sort is readily adapt- 
able to routine calculation work, although superficially it may 
appear very cumbersome to engineers used to simple empiric re- 
lations. The empiric procedure is preferable for application to 
fixed-type units with limited ranges of proportions and operating 
conditions when new equipment substantially reproduces con- 
structions for which test data are available, but is not safe other- 
wise. 

One of the greatest virtues of a properly developed calculation 
procedure of the kind outlined, results from the transfer of neces- 
sary estimating or guess work from over-all to detailed values. 
The elements of judgment which must be introduced are more re- 
liable under such a procedure by reason of the systematic correla- 
tion of past experience which is inherent in a sound analysis., It 
is greatly to be desired that refinement of the several phases of 
the calculation procedure be continued by further experiment 
and by improvement in accuracy of field testing. 
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Industrial Instruments, Their Theory 
and Application 


By ED S. SMITH, JR.,'! ann C. OWEN FAIRCHILD,? BROOKLYN, N. Y. 


This paper is complemental to the paper: ‘‘Automatic 
Regulators, Their Theory and Application,’’ published 
previously in the A.S.M.E. Transactions (1).3. The treat- 
ment of the material in this present paper parallels that 
given in the previous paper (1) for the reason that instru- 
ments and regulators have so much in common, there 
being both self-operated and servo-operated types in both 
cases. The principal difference between them is that the 
regulator reacts upon the variable while the instrument 
in general does not do so in such a way as to cause the pos- 
sibility of hunting. Most of the material in this present 
paper is perforce old; however, the invasion of the indus- 
trial-instrument field by devices operated from a separate 
source of power has been so gradual that this modern 
situation should be emphasized at this time. This paper 
isa contribution toward that end. 


regulators, are useful mainly as they contribute to the con- 

trol of processes whether for the purpose of replacing operating 
personnel, for increasing process efficiency, or for both at once. 
Worthwhile increases of production with improved quality of 
product are common with modern instruments so used, many 
processes being entirely impracticable without the aid of the most 
highly improved measuring and controlling equipment. 

The increasingly rigorous requirements of high continuous, as 
opposed to limited batch, production in the process industries 
have led to the gradual replacement of self-operated instruments 
by servo-operated instruments of higher accuracy, often coupled 
with more rapid indicating ability than is possible, without a 
separate source of power, in any instrument of reasonably small 
dimensions. The order of accuracy is commonly improved in 
such cases from within about 0.5 to 1 per cent of full scale with 
self-operated instruments to within about 0.05 to 0.1 per cent of 


iP THE process industries, industrial instruments, including 


1 Mechanical Engineer in Charge of Patents, C. J. Tagliabue Manu- 
facturing Company, Mem. A.S.M.E. Mr. Smith attended the Uni- 
versity of California from which he received the degrees of B.S. in 
1919 and M.E. in 1932. After graduation he was employed by the 
Standard Oil Company of California on the testing and design of re- 
fining equipment. In 1922 he was engaged in private research at 
the University of California, and in 1923 entered the employ of the 
Builders Iron Foundry where he served as hydraulic engineer from 
1926 to 1936. Since the latter date he has held his present position. 

* Director of Research, C. J. Tagliabue Manufacturing Company. 
Mr. Fairchild was graduated from Rose Polytechnic Institute with 
a B.S. degree in 1912, and received the M.S. degree from the same 
Institute in 1920. From 1912 to 1914 he was employed as a chemical 
engineer with the Western Chemical Company, and from 1915 to 
1926 was physicist at the National Bureau of Standards and chief 
of pyrometry section. Since 1926 he has held his present position. 

; * Numbers in parentheses refer to the Bibliography at the end of 

paper. 

Contributed by the Process Industries Division and presented at 
the Meeting of Tae AMERICAN SocteTY OF MECHANICAL ENGINEERS, 

ld at Erie, Pa., October 4 to 6, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accep- 
ted until December 10, 1937, for publication at alater date. Discus- 
Sion received after the closing date will be returned. 

OTE: Statements and opinions advanced in papers are to be un- 


derstood as individual expressions of their authors, and not those of 
the Society. 
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full scale with servo-operated instruments of the null-method 
type. In other cases, servo-operated instruments of the “‘booster”’ 
type are widely used, possibly without any gain in accuracy, 
but for some other purpose as controlling, telemetering, or inte- 
grating, most of such instruments being of the cyclically-actuated 
type. 

The excellence and low cost of the many small electric motors 
available today have led to the general adoption, for servo- 
operated instruments, of the synchronous self-starting motors 
and of the induction motors having an adjustable range of operat- 
ing speeds. The latter type is especially suited for governing by 
the sensitive relays used in highly sensitive instruments. 

A work such as this is complete only with the inclusion of the 
theory of rapid indication. This has been taken largely from a 
book by Drysdale and Jolley (2) which deals with the general 
conditions for securing promptitude with self-operated instru- 
ments. This theory is not strictly applicable to servo-operated 
instruments, but is still useful even though these may not follow 
the laws of simple harmonic motion, the use of series expressions 
often bringing the analysis within its teachings. . 

As with regulators, the most useful classification of instruments 
varies with the use to be made of it. The classification presented 
herein is incomplete but may serve to indicata the nature of the 
problem involved in the setting up of such classifications. 

As to the scope of instrument classes to be considered by the 
A.S.M.E. Subcommittee on Industrial Instruments and Regu- 
lators, it seems desirable to exclude plug gages, micrometers and 
other such tools as well as devices for testing materials which 
should more properly be within the field of the American Society 
for Testing Materials, and also to exclude instruments for meas- 
uring electrical quantities falling within the domain of the 
American Institute of Electrical Engineers. However, it should 
be mutually desirable for the A.S.M.E., A.S.T.M., and A.I.E.E. 
to collaborate on the mechanical engineering problems involved. 
It seems proper that temperature responsive devices should 
be a concern of this Society even when they are of an electric 
servo-operated type, especially in view of the importance of such 
devices to the Process Industries Division of the A.S.M.E., and 
of the mechanical-performance characteristics of such instru- 
ments. 


Score AND DEFINITIONS 


The scope of this paper is limited to those classes of industrial 
instruments which are respongive to variable magnitudes and 
useful in connection with processing material, and in particular 
to their performance characteristics. Such typical variables are 
flow rate, level, pressure, temperature, and speed. Such instru- 
ments also include the measuring devices common to regulators 
even though the latter have no separate instrument for indicat- 
ing, recording, or integrating. This paper iscomplementa! to that 
on “Automatic Regulators’ (1) and contains associated material 
on the “primary” elements sensitive to the variable and on the 
“secondary” elements in the instruments responsive to the im- 
pulses produced by such primary elements. 

The following few definitions are presented to facilitate the 
reading of this paper rather than for offhand adoption, no at- 
tempt being made to cover comprehensively all terms used: 
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1 An industrial instrument is a device which has a portion 
that is either positioned or stressed in correspondence with a 
variable, such portion being used either to indicate or record 
some function of this variable or to control this or another vari- 
able. 

2 A self-operated instrument is one actuated by the variable, 
either directly (for example, a Bourdon pressure gage) or in- 
directly by a dependent variable (for example, the vapor pressure 


in a fluid-containing closed-tube system responsive to tempera-— 


ture), but in either case without the use of power from another 
source or even from the same source used as though from a 
separate source. 

3 Aservo-operated instrument is one actuated by power from 
a separate source which is governed by a relay operated either 
by the variable itself or by a dependent variable. 

4 Sensitivity is the ratio of the magnitude of the response of 
the indicating portion to a change of the variable. 

5 The throttling band, or range, in a regulator comprising a 
controller governed by an instrument is inversely proportional 
to the sensitivity of the whole device, provided the sensitivity be 
related to the throttling band as, for example, with a variable 
radius adjustment, without discontinuity, between the nozzle 
and the flapper fulcrum in an air-operated controller; the throt- 
tling range being the range of values of the variable (either actual 
or indicated, as specified) necessary to send the controller to its 
limits. 

6 Error is the difference between the value of the variable 
and its indication. 

7 The dead zone is the extreme range of values of the vari- 
able possible without moving the indicator from a given position, 
in the absence of abnormal vibration; the dead zone is ordinarily 
twice the frictional error. 


GENERAL THEORY 


Instruments for indicating and regulators for controlling vari- 
ables have so much in common that undue emphasis is generally 
laid upon their principal difference: In an instrument, a member 
is positioned in correspondence with a variable without affecting 
the latter, while in a regulator this member acts upon the meas- 
ured variable, or another, either directly or indirectly. In each 
case, since a member is positioned directly by the variable 
or by power from a separate source, instruments, like regulators, 
may be classified as self-operated and servo-operated, the latter 
also being known as the relay type. The self-operated instru- 
ment responds to a change of the variable in a manner depending 
upon its sensitivity, actuating force, inertia, damping, and 
mechanical friction, but always stably, that is, the motion is not 
self-perpetuating, although that of a self-operating regulator may 
be. On the other hand, servo-operated instruments are like 
servo-operated regulators in that they may be either stable or 
unstable; with an unstable instrument, the hunting frequency 
depends primarily upon the characteristics of the instrument 
itself, while with an unstable regulator the frequency depends 
more upon the characteristics of the system to be controlled. 

Due to the inertia of its motor, the characteristics of a servo- 
operated instrument differ from those of a self-operated instru- 
ment since the former is generally driven at nearly constant 
speed up to within close limits of the proper point, while the 
latter may be actuated less strongly as the normal position is 
approached, a characteristic of a harmonic relation. In other 
words, a chief problem of the servo-operated instrument is to 
slow down the indicating member as it approaches the proper 
value so as to minimize the effects of inertia. While various elec- 
trical and mechanical solutions of this problem exist, still it may 
be noteworthy that the use of light electro-magnetic clutches 
goes far in reducing the difficulty where space and economic 


considerations justify this complication. Again, this problem 
is less serious in self-operating instruments for another reason: 
An equally high order of accuracy coupled with quick action is 
seldom required. In such instruments, however, if the same ac- 
curacy and speed were required, the same problem would be so 
serious as to make an economic solution generally impracticable; 
at any rate, the special damping means required would compli- 
cate such instruments to the point that they would no longer be 
simple instruments even though they were still self-operating. 


Static RELATIONS 


The dead zone may be determined, assuming a sufficiently 
sensitive standard to be available for comparison, by bringing 
the variable gradually to the same value first from one, and then 
from the opposite, direction in an effort to approximate statically 
the relation between the biasing, or restoring, force and the fric- 


_ tion. However, the average should not be used as the calibra- 


tion, due to the difference between starting and running friction 
and also to the fact that an imperceptible vibration may cause 
one of the limits of the deadzone so determined to be in error, 
Instead, it is generally accepted that more reliable values of the 
calibration are obtained by lightly jarring the instrument while 
approaching the same value of the variable from both directions. 
In testing, the values indicated by the instrument are generally 
used instead of those of the standard, that is, the instrument 
being calibrated is brought to the same mark from both directions 
while the standard is read. However, the practice depends some- 
what on the type of standard available; for example, obviously 
if only a few points were available, such as freezing and boiling 
points, the instrument reading must be used, while with a flow 
meter calibrated against a manometer having an engine-divided 
scale with closely spaced graduations, the flow meter may be 
more closely checked exactly on its own fewer graduations, in- 
stead of introducing unnecessary errors in interpolation. Care 
must be exercised where asymmetry of the operating mechanism 
exists to avoid inertia effects, as where a roller may be jarred 
away from its cam or along it in one direction, but not into it or 
along it in the other. However, in addition to the calibration ob- 
tained in the presence of such jarring, which calibration does not 
tell the whole story, it is also necessary to check the width of the 
dead zone to determine the possible accuracy of the instrument 
in service. Numerous precision instruments are fitted with small 
electrical vibrators to decrease the dead zone. 

Accuracy is frequently an item in the specifications for an in- 
strument at the time of its purchase, this still being often stated 
as “within a guaranteed error for any single reading.” This stand- 
ard may be adequate for instruments used in determining dis 
tances, weights, or other fixed quantities. However, for indus 
trial instruments used in the process industries, which must meas- 
ure varying quantities (variable with time), it is more useful 
to specify the accuracy as equally liable to exceed or fall below 
the limit of error known as the mean probable error. One ad- 
vantage of this method is the fact that such a value has a sound 
method of calculation behind it; further, by the use of a com- 
paratively simple tabulation, the guaranteed value may be re 
liably checked. The first-mentioned method is unfair to the more 
conservative manufacturers of industrial instruments, who givé 
unreasonably large errors as possible with their instruments rather 
than risk being placed in the position of having to lower a guaral- 
tee which has once been published. In other words, it is much 
more difficult to determine the extreme value of error that 42 
instrument will never exceed than to determine the error to be 
expected, taking readings day after day, which is the way that 
most industrial instruments are used. In the case of integrators, 
this most nearly corresponds with the cumulative error “wedge. 

Where a uniformly graduated scale is used, it is logical to state 
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the accuracy in percentage of the entire scale. However, when a 
logarithmic scale is used, or a flow-discharge (or other quantity- 
rate) scale, where a low rate can be maintained for extended 
periods, the guarantee may be stated in percentage of the read- 
ing of the variable. In the latter case, the user should understand 
the engineering problem faced at low rates, especially with flow 
meters where the discharge follows the square root of the head, 
so that an increasing multiplication must be used as the head 
decreases. Thus at one tenth of the maximum rate, the head is 
only 1 per cent of the maximum head and where plus or minus 2 
per cent is there required, this corresponds with an error of only 
0.04 per cent of the maximum head. Such a meter obviously 
must be accurately adjusted at the minimum operating rate, 
and further be maintained in excellent condition. The foregoing 
computation is particularly useful in comparing the tasks of 
electrical meters and flow meters and their necessary relative ex- 
cellence. 

While a flow meter’s indicator or recorder is usually uniformly 
graduated to facilitate integration, yet, since they indicate or 
record a rate, their accuracy is customarily stated in terms of the 
reading of the variable. The limitations of this method may be 
brought out by considering a chart having a 4-in. band. At the 
10 per cent rate, the pen is only 0.4 in. from zero, 2 per cent of 
which is 0.008 in. This limit is quite beyond that which the 
average eye can see and also beyond the accuracy of the reference 
lines on the chart, considering printing and engraving tolerances 
and the effects of variations of atmospheric humidity on the pa- 
per; thus, a guarantee of a range of twenty to one to within 
plus or minus 2 percent with such a chart would require that the 
line be read to within 0.004 in. Hence, it seems evident that 
the integrator alone should be required to meet such a guarantee, 
as a mere matter of common sense. Even for the integrator to 
do so, assuming the time mechanism to be perfectly accurate 
and the integrator perfectly set, requires an accurate response to 
a differential of only 0.23 per cent of the maximum head, so that 
for a maximum head of 20 in. Hg, the instrument must follow a 
change of only 0.002 in. in the differential of mercury or 0.0252 
in. of water, which would be caused by a change of 10 F ina 
column of water only 1.5 ft high. 

Accuracy is expressed customarily by the inaccuracy or error; 
thus, “within 2 per cent’’ is universally used instead of the pos- 
sibly more logical but less forceful 98 per cent. The 2 per cent 
means plus or minus 2 per cent, giving a zone of error of 4 per cent. 
Although this method is not exact, it is precise enough for prac- 
tical purposes as long as the errors are of the small order com- 
mon with industrial instruments, which are generally likely to 
be more accurate and reliable than home-made test instruments 
improvised for a single test. 

The indicated frictional error, one half of the dead zone, is 
equal to the frictional force s’ divided by the force per unit of 
the scale, or 


or, expressed in terms of the variable z, where the sensitivity 


the error is ¢=—— 


Thus, a self-operating meter is functionally at a disadvantage as 
Compared with one powerfully actuated by auxiliary energy, 
although the former may have the practical advantage of greater 
simplicity and lower operating maintenance. Also, the added 
motor must be provided with means to keep it from over-running 
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the proper point and from hunting. Null-method meters are 
increasingly available for industrial purposes, largely due to the 
increased facility in electrical technique and the reliability of 
this source of power and its associated equipment. Further, 
another class of meters having power-driven cyclically operated 
recorders, telemeters, or impulse-actuated controllers, unloads the 
indicating member during a portion of each cycle so that a rela- 
tively small force will serve to position it; with these, the cyeli- 
cally movable device may provide a method of obtaining a desired 
non-lineal relation between the variable and its indication; for 
example, where a square root or other relation requiring high 
multiplication is involved. 

Where any of these meters are used to govern the control 
means of a regulator, the sensitivity s, of the whole regulator may 
be expressed as the product of the sensitivities of the meter and 
controller s,, and s,, respectively, or 


With a hunting regulator, the meter may be in another phase 
than that of the controller so that their deflections should be 
added vectorially rather than algebraically, this point coming 
up mainly in temperature regulation where the magnitude of the 
several lags may be great and of widely differing orders. A meter- 
ing lag which augments the effect of process lag tends to produce 
hunting while a governing lag, i.e., between the meter and con- 
troller, tends to produce stable control by at least partially com- 
pensating for process lag. Somewhat similarly, the higher the 
speed of a servo-operated meter (without hunting of the meter 
itself) and the lower the controller speed, the less is the tendency 
for the whole regulator to hunt. While offhand there may not 
appear to be a close relation between delaying the action of a 
controller and slowing it down, actually this point must be 
considered in analyzing regulators. These remarks have been 
included to show the intimate relations existing between the per- 
formance characteristics of a meter and of the controller which it 
governs. 


Dynamic RELATIONS 


Before expressing dynamic relations mathematically, it may be 
mentioned that metal springs and bellows exhibit appreciable 
hysteresis; a similar drifting effect occurring in flow meters where 
mercury cannot flow readily from one well to the other for some 
reason. Thus, a U-tube balance with small connecting pipes will 
have a greater apparent accuracy than ultimate accuracy. Its 
apparent liveliness is due to the fact that the entire U-tube 
swings. This is a spectacular exception to most flow-measuring 
instruments, which are more likely to be over-damped than under- 
damped. 

It is preferable to have a meter slightly under-damped rather 
than over-damped. However, as previously emphasized, a com- 
plex meter may be apparently under-damped in regard to mo- 
mentary swings and still be highly over-damped ultimately, an 
undesirable condition on the whole since the user is led to rely 
on the momentary fictitious value as the actual, which it is not. 

Besides molecular damping, either solid or fluid, and electro- 
magnetic damping, there is also friction between adjacent solids. 
Solid friction does not vary much with velocity (although starting 
friction exceeds stopping friction) and widens the dead zone, 
while fluid and electro-magnetic damping increase with some func- 
tion of velocity but do not widen the ultimate dead zone except 
as they affect the rate at which the indicator swings into this 
zone and thus affect the average, or probable, mean error. This 
mean error has more pertinence than the maximum possible 
error in most industrial applications and has gradually come to 
be what is meant in user’s accuracy specifications; the probable 
error being today more popular for test purposes than the for- 
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merly popular maximum possible error. However, it may be 
remarked that the S.A.M.A. still officially clings to the maximum 
possible limit of error as a basis for guarantees. 

The ideal instrument should indicate changes of the variable 
without lag or oscillation.‘ Due to inertia, any actual instrument 
will lag behind the variations, and oscillate excessively in the 
absence of suitable damping. ‘Translational and rotational 
systems follow the same laws, the mass m in grams and the ac- 
celeration d?y/dt? in centimeters per second per second of lineal 
systems corresponding to the moment of inertia J (g-cm*) and 
angular acceleration d?y/dt? in radians per second per second, 
respectively. In instrument work, forces are usually so small that 
the use of centimeter-gram-second units is a real convenience. 
The authors gratefully acknowledge the assistance of their 
associate, V. L. Parsegian, in the preparation of this portion. 

The nomenclature use | in this paper is as follows: 
Translational (for text) : 


Y = linear deflection, em 

Y) = initial deflection, cm 

Y, = one half of dead zone, cm 

m = mass (linear inertia), g 

T = period of a complete oscillation, sec 

b == restoring (or “biasing’’) force per unit displacement, 
dynes per cm 

N = damping force for a unit velocity, dynes sec per cm 

N, = damping force for a unit velocity for critical damping, 
dynes sec per cm 

F, = frictional force (static assumed equal to dynamic), 

dynes 
Rotational (for Figs. 1 to 11, inclusive): 

y = angular deflection, radians 

yo = initial deflection, radians 

y. = F,/B = one half of dead zone, radians 

I = moment of inertia, g em? 

T, = period of complete oscillation, sec 

B- = restoring (or “biasing’’) torque per unit deflection, 
dynes em sec per radian 

N, = damping torque per unit angular velocity, dynes cm 
see per cm 

N,. = damping torque per unit angular velocity for critical 
damping, dynes cm sec per radian 

F, = frictional torque (static assumed equal to dynamic), 
dyne cm 


Common to translational and rotational: 

M ratio of damped to undamped period 

logarithmic decrement 

1 Inertia, No Friction, No Damping. Consider a system having 
inertia but no friction or damping force. Under a force F the 
movement is given by Newton’s second law as 


= [4] 


and if this movement were opposed by a spring or similar device 
the restoring force would be 


the two opposing each other in the form 
m(d*y/dt?) — by = (6] 


It is easily shown that Equation [6] expresses a system having 
simple harmonic motion, for if 


4 Figs. 1 to 9, inclusive, and much of their context were taken from 
the book ‘‘Electrical Measuring Instruments,’”’ by C. V. Drysdale and 
A. C. Jolley, Ernest Benn, Ltd., London, 1924, pp. 75-108, and are 
reproduced in this paper through the courtesy of the authors and 
publisher. 


expresses a harmonic movement of a point oscillating along the 
y axis, having a velocity 


(dy/dt) = —w sin wt ................ [8] 
and having an acceleration 
= —w? cos [9] 


then, by combining Equations [7] and [9], we obtain 
dty/di? + wy =0................ {10} 


where, comparing with Equation [6] 


and the period of each complete cycle is given by 
T = = {12] 


Upon an instantaneous change of the variable, the indicator 
travels twice the change, and thereafter oscillates between this 
higher value and the initial value of y. 

With a rotational system, having a torsion constant B in 
dynes X centimeters/radian, the torque in dyne-centimeters is 
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Fig. 1 Re LatTION BETWEEN PERIODIC Time 7, AND MOMENT OF 
INERTIA J FOR OSCILLATING SYSTEMS 


and the inertia J for the various values of the restoring constant 
B. This figure applies equally well to a translational system if 
mass m in grams were substituted for the inertia J in the abscissa, 
and an opposing force b in dynes were substituted for each of 
the values of B; for example, for an indicating system having 
m = 6g, b = 20 dynes per cm, the period according to the Fig. 
1 is about 3.45 sec. Checking this value with Equation [12] we 
find that T, = 24./(6/20) = 3.43 sec. 

2 Friction, No Inertia, No Damping. The friction in this 
case is constant, always opposing motion and thereby determining 
a dead zone 2y, wide as determined from Hooke’s Law whereil 


Upon being disturbed and released, the indicator would return in- 
stantly to the edge of this dead zone. 
3 Damping, No Inertia, No Friction. In this case, the damping 
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force of N times the velocity (fluid friction) opposes the restoring 
foree, or 


dy/dt = —(b/N) y .............. 116} 
the solution of which is 
y = yee [17] 
where 


From Equation [16] it is seen that the velocity decreases to zero 
as the indicator approaches the normal position (where y = 0); 
consequently, there is no overrun. Fig. 2 illustrates the approach 
to exact balance for a rotational system having such character- 
istics. Similarly, it may hold true for a translational system 
having a biasing constant b = 200 dynes per ecm and a damping 
constant V = 100 dynes per cm/sec if the deflection be measured 
as yem. 

Fig. 17 illustrates the behavior of the solution [17] when 
plotted on semi-log paper. Although the figure is applied here to 
a temperature recorder it may be more easily adapted, because 
of the semi-logarithmic plot, to practical problems than can Fig. 
2. 

Useful equations may be derived from Equations [16}, [17], and 
[18] as follows 


b 


/ 
= — . ... [18a] 
* Yo N 0.4343 Yo 
| 
| | 
dy B= 200 dyne cms per radian | 
100 dyne cms. per radian per sec 
rT | 
| | 
Os + 
\ 
| 
t+ 
0 


» 
0 O01 02 03 4 OS 06 O7 O8 O9 10 1) 12 13 14 15 16 
Time in Seconds 


Fic. 2. Decrease IN DEFLECTION FOR DampED System 
INERTIA—SEE Fic. 17 
or 
y b 
logio = —0.4343 ............ [18b 
Ye N 


4 Damping and Friction, No Inertia. In this case, the friction 
determines a dead zone Ye, and both the damping and friction 
tend to oppose the restoring force or 


dy b 
the solution of which is 
y= (Yo Nyt [20] 


Fig. 3 illustrates the movement to the edge of the dead zone 
for a rotating system. The same graph may be applied to the 
movement of a translational system having b = 200 dynes per 
‘m, NV = 100 dynes per cm/sec, and Fx = 8 dynes, if the deflec- 
tion be measured as y em. 
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5 Inertia and Friction, No Damping. As shown in Fig. 4, a 
deflected indicator oscillates, but the amplitude of oscillation is 
reduced by the width of the dead zone with each half-cycle swing. 
The energy of the system is ultimately absorbed sufficiently by 
the frictional losses, and the indicator comes to rest within the 
dead zone. Fig. 4 is again drawn for a rotational system. but may 
be used for a translational system having T = 1 sec and y, = 
F’./b = 0.04 if the deflection be measured as y cm and the initial 
deflection is yo = 1 em. 
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6 Inertia and Damping, No Friction. 
force with the damping and biasing forces 


Equating the inertia 


or 

Na, b 

for which a particular solution is 

y = ye (N/2m)t cog wt... [23] 


the angular velocity being 


and the period of the damped motion, in terms of the undamped 
period 7, is 
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Equation [23] may represent three types of movement, de- 
pending on whether the radical of Equation [24] is positive, zero, 
or negative as determined by the degree of damping. 

When 
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1 Sec anp A DamprnG Ratio r or 0.9 anv 0.8 


the indicator oscillates with ever-decreasing amplitude according 
to Equation [23]. 
When 


then w = 0, cos w = 1, and the system is critically damped 
and the indicator asymptotically approaches its final position 
without oscillations. As will be seen later from Fig. 7, the criti- 
cally damped return is substantially complete in the period T of 
one complete undamped oscillation. 
When 
[28] 


the system is over damped, and the indicator reaches the final 
position asymptotically but with greater delay. 

It is useful in the analysis of damped harmonic motion to 
determine the ratio of amplitude of successive swings as 


or the decrement 
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and from the logarithm of the ratio of suecessive amplitudes we 
determine the logarithmic decrement 


dX = log, (yi/y2) = log, 5 = log, (1/r) = —log,r 
— NT ,/2m........ [31} 
As was previously noted, the undamped period is 
With damping, the period is changed so that 
M =T7,/T = [1 + (A?/2e*)]........... [32] 
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Fig. 8 OsciLLaTING System WITH INERTIA, FRICTION, AND 


Fig. 5 shows the increase of the periodic time, the logarithm 
decrement, and a function N/[2./(mb) | (used in computation), 
all plotted against the ratio of successive swings r. 

Fig. 6 is self-explanatory. 

Fig. 7 illustrates damped movements suitable for most i 
struments. For the greatest promptitude of accurate readint 
(at from 1 to 0.1 per cent of the deflection), a damping ratio of f 
= 0.02 is desirable; in other words, the damping constant N 
should be about 80 per cent of N,. 

* Inertia, Damping, and Friction. As shown in Fig. 8 the 
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oscillations in this case suffer a further decrease in amplitude with 
successive swings due to the friction as well as the fluid damping. 
The graph illustrates the behavior of a system having 7 = | sec, 
r = 0.9, a friction dead-zone angle y, = 0.04 radian, and an initial 
deflection yo = 1 radian. 

Fig. 9 shows curves similar to those of Fig. 7 with a dead-zone 
angle y, = 0.01 yo added. However, only the end 10 per cent of 
the movement is drawn. In general, instruments having some 
friction should be even more under-damped than those without 
it, allowing an over-shoot of from 2 to 3 per cent, corresponding 
to a damping constant N/N, of from 0.70 to 0.75. 

The motion of the indicator subjected to a linear increase of 
the variable is shown in Fig. 10 to swing alternately over and 
under its proper value. Of course, in any practical instance, 
this superimposed harmonic motion would soon die out (3, 4). 
In any case the over and under errors offset each other almost 
exactly, except where there is a wide departure from a linear 
relation between the variable and the indicated function, as, for 
example, with a flow meter in which the pressure differential in- 
creases in a lineal manner; however, as the discharge varies as 
the square root of this differential, the meter would indicate too 
high a discharge on the average. 

The motion of the indicator subjected to a quadratic increase 
of the variable has the indicator lag behind the proper value 
at all times as long as the variable is so increasing, which of 
course it cannot do indefinitely. It may be noted that the 
quadratic law accompanies a uniform acceleration of the variable 
as when a constant force is applied to any mass, or when a con- 
stant pressure is applied to a body of liquid in a (theoretically) 
frictionless line of considerable length. (See Fig. 11.) 

Where the variable has a definite natural period for any reason, 
it is desirable to have the period of the indicator of the order of 
at least ten times as long, where sudden changes of the variable 
are likely to occur as with engine indicators. This is at best a 
rough rule. 


CLASSIFICATION OF INSTRUMENTS 


The classifications given in Table | are from different angles. 
However, the several classes have in common the fact that they 


TABLE 1 CLASSIFICATION OF INSTRUMENTS 
(A) Operation: 
1 Self-operated 
Servo-operated: 
(a) Null method 
(b) Booster method 
3. Mixed, e.g., self-operated but servo-controlled 
Mode of operation: 
1 Continuous 
2 Cyclical 
(C) Function: 
Differentiating 
2 Indicating or recording 
3 Integrating 
4 Regulating, that is, governing a controller (see D2 below) 
(D) Complexity: 
1 Simple, a single variable function 
2 Compound, a plurality of variables in combination 
Auxiliaries: 
1 Telemetering 
2 Regulating: 
(a) Same variable 
(b) Other variables, in constant or predetermined ratios: 
(1) Single variable 
(2) Plurality of variables 
Principle (‘‘indication”’ corresponding with the variable): 
1 Length, either of distance or time 
2 Force, without significant lineal departure 
Pressure 
4 Volume 


(B 


= 


are all taken from the standpoint of instruments per se instead 
of from the standpoint of their application or factors, such as 
Cost, influencing this application. Each of these various classes 
‘8 mutually exclusive, which is one criterion of consistency for 
Classification. To be complete, it would be necessary to extend 
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these from the standpoint of the application of the instruments in 
practice. 


Analysis of Functioning of Instruments. The following six 
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Fig. 10 Morton or THE INDICATOR Upon a LINEAL INCREASE OF THE 
VARIABLE 
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Fie. 11 Morton or THE INDICATOR UPON A QuADRATIC INCREASE OF 
THE VARIABLE 


items should be used in analyzing the functioning of instruments: 

1 Number of operations—directly or magnetically operated 
pen or counter. 

2 Length—the usual basis of indication or recording. 

3  Forece—converted into length by stretching a spring, mov- 
ing a weight to exert a different moment, displacing a volume of 
liquid, or opposed by an electro-magnet. 

4 Pressure—converted into force by acting on an area. 

5 Temperature—converted into length by lineal expansion, 
by volumetric expansion in turn by expanding an element having 
an area, or by a corresponding pressure change in turn by an 
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area to a force and thence to a length, as before, by thermo-elec- 
tric and electro-magnetic means. 

6 Time-duration impulses—converted into length by a clock 
motor. 

After obtaining a length corresponding to the variable, the 
instrument normally either indicates some function of this di- 
rectly (or records it on a time chart), integrates some function of 
this length, or differentiates it. A recording circular chart may 
be rotated according to the variable and either time or another 
quantity recorded on the chart; for example, pressure on a flow 
chart. However, the chart is conventionally rotated at a con- 
stant speed and the variable is recorded on it. A formerly com- 
mon type of integrator has a roller driven by a constant-speed 
friction disk at a variable radius corresponding with the variable, 
the roller commonly actuating a counter. This has been gen- 
erally replaced by cyclically operated integrators now that elec- 
tric motors are available to operate the latter as frequently as is 
required in practice, making their operation in effect continuous. 

With the null method, a length (or counter reading) is set up 
according to a balance of forces or distances. In the steam shunt 
meter, a water-damped rotor drives a counter in direct ratio to 
the total flow. Similarly, in the case of a centrifugal integrator, 
in which the speed of a governor shaft is proportional to the 
square root of a differential pressure, a revolution counter in- 
dicates flow directly. These are illustrations of self-operated and 
servo-operated instruments. An electrical (or mechanical) 
tachometer may be used with either: this amounting to a 
differentiating type of meter. 

With respect to attempts to classify instruments according to 
the variables measured, these seem to be less desirable than the 
foregoing classification and analysis of instruments according to 
their functioning. It is particularly futile to try to classify the 
variables on a dimensional basis; for example, L?/T' is either for 
kinematic viscosity or area per second and FL is either for torque 
or work. 

Several examples of various classes of instruments are offered 
in the following paragraphs. These were chosen purely on the 
basis of their suitability as illustrations. 

Example No. 1. Self-Operated Instrument. Fig. 12 shows a 
recorder controller having a closed-tube fluid-filled system in 
which the bulb is exposed to the temperature of liquid in a tank. 


Fic. 12 TEm- 
PERATURE RECORDER WITH AN 
AuxiLiary ArR-OPERATED 
CONTROLLER 


The expansion of the fluid in the bulb, or its increase of pressure 
due to a temperature rise, for liquid and gas-filled systems or 
for vapor-pressure systems, respectively, is transmitted through 
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the capillary tubing to a Bourdon-type tube which uncoils slightly, 
by a corresponding amount. This moves the upper end of the 
flapper to the left so that its lower end clears the end of the 


Orifice 


(A) (B) 


Fic. 14 Setr-Operatep FLtow Merer or THE Mrxep HypRAvLic- 
Evectric 


nozzle, thus permitting air to escape and correspondingly alter- 
ing the position of the air valve and consequently the air pressure 
in the diaphragm top of the valve for the supply of the heating 
fluid to the bottom of the tank. Thus, not only does the position 
of the recording element correspond with the temperature, but 
so does the air pressure in the line to the nozzle, the position of 
the air valve, the pressure in the line to the diaphragm top, and 
the position of the diaphragm top, since this is opposed by a 
spring. In this combination, the bulb may be termed the primary 
or sensitive element and the Bourdon tube the secondary or indi- 
cating element. Thus, the air pressure acts as a follow-up and 
the matter of sensitivity becomes a pertinent one. 

Example No. 2. Servo-Operated, Null-Method, Mechanical- 
Electrical. In Fig. 13 is shown a flow meter in which the force 
produced in a balanced U-tube, by a pressure differential accom- 
panying flow through an orifice in a pipe, is opposed by the cen- 
trifugal force of a flyball system rotated at a speed governed by 
the position of the U-tube. This flustrates a system that is 
intermittently supplied with power at short intervals as are 
required, rather than in regular cycles, as to be substantially 
continuous in its action. The tachometer is a differentiating de- 
vice for the revolutions of the flyballs while the counter is an in- 
dicator for them and hence for the total quantity of flow since a 
substantially quadratic relation exists between head and dis- 
charge and also between centyjfugal force and speed of rotation. 
Further, this device also telemeters both the discharge and total 
quantities to a receiving instrument. 

Example No. 3. Servo-Operated, Mixed Hydraulic, and Electric. 
In Fig. 14 are shown the front and side elevations of a flow meter 
illustrating this mixed type. The discharge through a venturi 
tube creates a differential pressure which is carried through a 
solenoid-actuated reversing valve to a balanced ring-type U-tube, 
in two legs of which the manometric liquid is separated by a wall 
containing a small orifice. As the manometric liquid flows from 
one leg to the other, the ring-balance oscillates from one extreme 
position to the other, thus operating by its limit switches the 
reversing valve and its associated counter. This is like the null- 
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method flow meter in that the quadratic relation is automatically 
rectified without requiring a cam or other multiplying means, 
thus giving a longer operative range than with more conventional 
designs. This device also may act as a telemeter for the integra- 
tor by impulses spaced correspondingly with the speed, which im- 
pulses may consequently be used to govern an indicator for the 
discharge, i.e., a differentiating device. 

Although this device may not seem offhand to be either a null- 
method or a booster-type, it actually is a null-method type in 
which the contacts are widely spaced but still keep the response 


within the set limits corresponding with a unit quantity so that . 


counting impulses are telemetered in proportion to the actual 
total quantity discharged. If the ring-balance directly actuated 
the counter, while retaining the reversing switches for governing 
the reversals of the servo-operated valve, such a device could be 
classified as a mixed self-operated servo-governed type. Even 
though not commercially available at present, this device is in- 
cluded to emphasize the difficulties to be overcome in setting up 
a universally acceptable classification. (Note: Fig. 14 is from 
U. 8. patent 2,077,444 to Walker.) 

Example No. 4. Servo-Operated, Null-Method, Photoelectric. 
Recording temperature is often of vital importance to mechanical 
engineers in the process industries, e.g., in refining petroleum, 
and consequently a complete treatment of industrial instruments 
should include potentiometers used for this purpose. 

Fig. 15 shows the electrical circuits of a potentiometer used 
with a thermocouple to record temperature. Although this in- 
strument (5) is photoelectrically actuated, still its solution of 
the mechanical problem of balancing accurately at high speed is 
interesting. The problem of stopping a moving light beam on the 
edge of a photoelectric cell without any tendency to oscillate or 
hunt, and yet with speed and precision, has been solved by (1) 
applying an advancing electromotive force to the galvanometer 
while it is deflected, (2) using separate potentiometer and elec- 
tronic circuits which are functionally related by electro-magnetic 
relays, and (3) delaying action at the far edge of the dead zone, 
when entered by the light beam, by delaying the response of the 
amplifier at the balance point. These improvements make pos- 
sible balancing within a few hundredths of 1 per cent at a speed 
corresponding to 25 sec for travel over a 10-in. scale. At higher 
speeds, the slight error of balancing is proportionately increased. 

The balancing power circuit includes only a reversing motor 
and the control contacts of the two relays shown in Fig. 15. With 
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both relays closed, and both relays open, the reversing motor 
moves the slide-wire contact down scale and up scale, respectively. 
With relay No. 1 closed and relay No. 2 open, the motor stops. 

The potentiometer circuit, has, in addition to its bridge circuit, 
two biasing resistances R which are so connected therewith as to 
apply the aforementioned advancing electromotive force in the 
proper direction whenever both relays are open or closed. At 
the balance point, relay No. 1 being closed and relay No. 2 being 
open, connection is made to the point corresponding to the com- 
pensated zero of the scale. 

The galvanometer has a dead zone which corresponds to the 
deflection of the light beam required to raise the plate current 
from the opening value of relay No. 1 to the closing value oi 
relay No. 2. The dead zone is only about one fifth of the width 
of the light beam at the controlling edge of the phototube. 

Since this instrument may be at a distance from the thermo- 
couple, it may be said to be telemetric in the same sense that any 
electrical instrument is telemetric, i.e., as not using a mechanical 
or hydraulic connection for the transmission of an indication. 

However, reference to the classification in Table 1 will bring out 
the point that such a definition is objectionable. It seems prefer- 
able to require that a telemetric device utilize another system 
than that which is sensitive to the variable; for example, air 
pressure may be set up corresponding with a temperature. 

Example No. 5. Servo-Operated, Booster Method, Mechanical. 
In Fig. 16, the motor-driven transmitter creates cyclical im- 
pulses of durations corresponding with the variable, the indica- 
tor of the transmitter being free during a portion of its cycle to 
assume a new position corresponding with a new value of the 
variable following a change in its magnitude. At the receiver, 
a similar motor drives a differential mechanism at constant speed. 
The impulses are there each converted by solenoid-operated 
clutches into angles corresponding with the variable. 

In the case of an integrator (not shown), these angles are pr 
gressively added, while in the case of an indicator or recorder, 
these angles each start from a fixed point and a complementally 
moving arm moves through an angle measured from anothe! 
fixed point and in the opposite direction during the interval be 
tween impulses. The result is that a braked recording pen am™ 
is positioned in either direction, as required, by a separate sourte 
of power from that of the variable. The integrator is usually 
more accurate than the position of the braked pen arm since the 
two positioning arms for the latter must either have a slight play, 
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or back lash, otherwise the pen is likely to be nudged slightly in 
both directions in each cycle, even though the variable remain 
momentarily constant. 

Although the gain in accuracy of a booster-type instrument 
over that of a self-operating instrument for the same variable 
may be open to question, still the flexibility of the former in re- 
gard to telemetering, integrating, and controlling is apparent. 
Also, the cam may be readily shaped to rectify any nonlineal 
function; for example, the square root for a flow meter. 

Example No. 6. Compound Instruments. Cyclically operated 
instruments lend themselves to the integration of the product 
of a number of variables, as for example, flow meters for gas where 
it is commonly necessary to integrate both differentials and abso- 
lute pressures, and occasionally temperatures as well, the square 
roots being removed either before or after taking their product. 
Other cases are: The watt meter, obtaining the product of volts 
by amperes by the power factor; the belt conveyor weigher, 
totaling the product of belt speed by weight per unit length of 
belt; and ratio meters which compare steam flow with air flow. 


ELEMENTS OF INDUSTRIAL INSTRUMENTS 


For pressures, the variable-responsive element is usually a 
Bourdon tube, a bellows, a flat or corrugated diaphragm, or a bell 
or a displacer, float, or even a bucket. These are opposed generally 
by a spring, weight, or other means for predetermining the sensi- 
tivity of the combination (b’ of Equations [2] and [3]). The effee- 


| (2) n=/o9, y 

(3) €=2.7/83, log,,0-0.4343 | 

(4) n=2- 0.4343 
5) Interval t= 
f ) Interval t; 04347 a 


(6) 


Mercury 
°eGas 


Time=# Seconds 


Fig. 17. INTERVAL or TEMPERATURE-RESPONSIVE FLUID-FILLED 


CONVENTIONAL-TUBE SysTEMS 


tive area of a flat diaphragm varies rapidly with its travel and so 
requires compensation for accuracy. The metal selected for any 
element which is deformed in measuring, should be selected to 
have minimum hysteresis; in general, the design should be such 


4 re creep near the ultimate value is made as small as practicable 
mY the use of an element of sufficient length so the maximum unit 
} ‘eformation will not cause the metal to be stressed more than a 


small fraction of the proportional limit. 
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Where the pressure of a gas is being measured and pulsations 
exist, it is desirable to have a minimum volume of gas in the 
meter and to damp the pulsations in the pressure pipe with 
viscous flow through a capillary instead of through a throttling 
orifice; however, if the latter be used, great care must be taken 
that it be perfectly symmetrical. For measuring the pressure 
from a modern, high-speed rotary piston pump for liquids it is 
desirable to avoid the use of a pulsation deadener in the pressure 
pipe and, instead of a Bourdon tube or bellows, to use a weighted 
piston of the deadweight type which has enough inertia not to 
be appreciably disturbed by these high-frequency vibrations. 
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Fic. 18 ComparaTIVE PERFORMANCE OF Mercury, Gas-TyYPE, AND 
Vapor-Type TUBE SysTeMs 


For temperature measurement, sealed systems (6, 7) are widely 
used in which a bulb, a connecting tube, and a bellows, or some 
other expansible element, responsive to volume or pressure 
changes, are filled with a gas, a liquid (completely full), or partly 
with a liquid which creates a vapor pressure corresponding with 
the temperature. The physical state, or phase, of the fluid used 
may slightly affect the speed of response of the system to changes 
in the temperature. The speed is conveniently measured by the 
“interval” required following a change for the variable to come 
within 10 per cent of the change from its final value, so that in 
twice the interval, the variable would be within 1 per cent of the 
change from the final value. In Fig. 17 (data by Paul F. K. 
Erbguth who is associated with the authors) is shown the per- 
formance of several different fluids in such tube systems, the data 
for the vapor type being shown thereon only where there is a 
proper difference of temperature between bulb and connecting 
tubing. The interval depends primarily upon the bulb design in 
regard to insulation and exposure to turbulence in a line, where 
flow can be used to scour away the film on the outside of the tube, 
fins being commonly added where space is available. The phase 
of the fluid used also affects the suitability of a given thermome- 
ter for a particular service, multiple bulbs on a common bellows 
responding to the average temperature with either gas-filled or 
liquid-filled systems, and the maximum temperature with the 
vapor system. Fig. 17 also shows the relation between a and 
the interval t; plotted as a dot-and-dash line. Fig. 18 shows the 
test data of Fig. 17 more fully apd conventionally plotted, bring- 
ing out the erratic performance of the vapor-type whenever the 
bulb temperature is within a few degrees fahrenheit of the am- 
bient temperature. The bimetallic or metal expansion-stem ele- 
ment gives considerable force so that unexpected sensitivity may 
sometimes be obtained with these crude-appearing devices. 

Flow meters use the differential-pressure, or metering head to 
indicate the flow rate or discharge. To obtain the square root 
and to bring out the movement of a float from its U-tube through 
a pressure wall are special problems for these meters. The formed 
well, formed bell, plain bell with formed displacer, formed cam 
with cylindrical or slightly coned wells, tilting U-tube with 
weighted cam or the use of electrical solenoids to oppose the tilt 
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are a few of the conventional solutions of the square-root problem. 
The cyclically operated cam can also be used for this purpose, 
especially where telemetering or controlling are required. The 
pressure-wall prublem has been solved in various ways by the 
different manufacturers: The use of very small shafts with ex- 
tremely small clearances, the use of slightly larger clearances with 
grease-packing, the use of plain and flexible “hat’’ packings on 
a larger shaft either with or without grease, the use of small flex- 
ible tubes on the tilting U-tube and the use of a magnetic float on 
the inside of a non-magnetic tube, or the use of a rotary magnetic 
coupling. Where a power-shaft is driven by an electric motor, to 
actuate a cam within the pressure chamber, it is apparent that 
this is still another solution of the same problem. 

As discussed earlier in this paper, where metal is deformed it 
is desirable to keep the amount of deformation as small as possible 
relative to the actuating force. In any case, the meter should be 
balanced with zero differential exactly as it is at its lowest operat- 
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Fig. 19 Errect on LaG or Fioat DISPLACEMENT AND THROTTLING 


ing rate. Further, the torque available must be adequate to give 
the required accuracy at low rates. It should be mentioned that 
only the tilting U-tube has an unlimited travel possible at low 
heads. All other forms require multiplication by one means or 
another, although the formed bell can be counterbalanced to be 
unstable near its zero position so that this form practically shares 
this advantage of long range. The other forms all follow the first 
power instead of square root at low heads. 

Fig. 19 illustrates an interesting manometric phenomenon 
which is apparently not as widely known as its importance in flow 
metering requires: The narrowing of the dead zone, as the mano- 
metric liquid is throttled and as the float size approaches that of 
its well. Fig. 19A shows diagrammatically a manometric U-tube 
having both legs of equal area, one leg containing a float and a 
source of constant friction in the steam guide, an adjustable 
throttling valve being provided between the two legs. Fig. 19B 
has as its ordinate the variation of lag with the well, not con- 
taining the float, respectively connected and disconnected to 
indicate the possible limits of throttling, and as its abscissa the 
ratio of the float area to well area. This effect is due to the dis- 
placement of the float in its well. The practical result is that too 
much throttling of the manometric liquid gives a fictitious mo- 
mentary liveliness to the float, but the level will gradually drift 
to a new value. This phenomenon has led many to consider that 
the ring-balance has a smaller dead zone than its ultimate value. 
The bell-type manometer must have the necessary damping in 
its connecting lines since obviously there can be no effective throt- 
tling of its manometric liquid. 

The balancing of instruments sometimes presents unexpected 
difficulties for reliable operation, especially where the utmost 
range must be obtained with an instrument such as a flow meter 
in which the necessary multiplication increases as the forces 
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available decrease. In some cases, the use of light metals and 
tubular sections is indicated. Where cams are used, the cam 
roller should be at least three times the size of its axle and thought 
should be given as to the best location of centers and whether an 
inside or outside cam is preferable; also, the force holding the 
roller against the cam should be enough to ensure the rotation 
of the roller and thus prevent its wearing flat in one spot. 

It is generally preferable to have a single part or unit system 
for a single function in instruments, except of course such parts 
as mounting brackets which must serve to hold the several parts in 
their operating relations. A discussion of electrical elements is 
omitted as being outside of the scope of the paper. 


CONCLUSION 


Notes on instruments generally, including manufacture, shop 
and field calibrations, and methods of adjustment, belong in any 
complete treatment of this subject. Examples of these are: 

1 To make instruments available commervially, production 
methods may require working to tolerances that eliminate ad- 
justments in final assembly. Close tolerances are essential in 
manufacture, and preassembly and subassembly inspection is 
desirable. Inventory control and an efficient balance between 
the cost of labor tied up in placing instruments in stock and that 
done on the final order frequently have more to do with the 
availability of instruments on an economic basis than their 
basic design. 

2 In ealibrations and especially in adjustments, the use of 
rule-of-thumb methods is objectionable; it is preferable to make 
a measured change and then measure the effect of such change. 
In such work it generally saves time to follow the principle used 
in spotting artillery fire, that is, first fire over, then under, and 
then correct. 

3 The present treatment is limited to variable quantities. In 
these it is difficult to lay too much emphasis on rate of change, 
clock motors, and the lawsof variation of damping of various sorts. 
The excellence of small modern electric motors has opened up 
an entirely new era in instruments and has been the prime factor 
leading to the general acceptance of servo-operated instruments. 
However, it must be noted that such motors are not ordinarily 
acceptable in explosive atmospheres, since even where there are 
no open contacts the insulation of the small wires has been known 
to break down and in some cases the wires break from vibration 
even when apparently anchored securely. Where an explosion- 
proof instrument is to be servo-operated, such motors should be 
sealed in an explosion-proof housing or be submerged under 4 
nonflammable liquid of low vapor pressure and the container 
preferably be sealed against the air. This requirement may see! 
harsh, but human life and property must not be placed in jeopardy 
by instruments. 

4 The adjustment of cyclical'y operable instruments, or any 
instrument or regulator after installation on a process having 4 
natural long-time cycle of its own, may require an unexpectedly 
large amount of time. In one instance, an instrument worked 
correctly over the required range in a shop test and in a field 
calibration, but occasionally failed in the middle of the night. It 
took an all-night vigil to discover that there was an interference 
with the instrument case when the variable reached a given high 
value just before dawn. While an instrument engineer may 20! 
appear to be working, but to be merely watching an instrument 
operate, it must be remembered that the instrument can only 
move at a fixed rate regardless of the impatience of the observer. 

5 On the other hand, it should be noted that models have 4 
universal appeal to all who are in the least mechanically inclined, 
and instruments are essentially model machines. Also, they Pp! 
sent fascinating problems, often requiring a subtlety of analysis, 
as when one must confidently act upon a mental picture of whal 
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PROCESS 


oecurs behind metal walls, to reach a solution. Also, in meeting 
problems in this field, it must be remembered that: ‘This field 
has been plowed, harrowed, and cross-harrowed by successive 
inventors.”” The consequence is that there is occasionally an 
interesting patent phase to this work. 

In conclusion, others are urged to improve on and expand this 
treatment. However, this paper is submitted so that open dis- 
cussion may show the most promising course to be followed in a 
more extended treatment. The authors’ first contacts with in- 
dustrial instruments were as “users” and their aim is to lay the 
basis for a concise but thorough treatment of this subject which 
will be of the greatest benefit to those who use industrial in- 
struments and regulators in the process industries. 


BIBLIOGRAPHY 


1 “Automatic Regulators, Their Theory and Application,’ by 


PRO-59-9 607 


Ed 8. Smith, Jr., Trans. A.S.M.E., vol. 58, May, 1936, paper PRO-58- 
4, pp. 291-303. 

2 “Electrical Measuring Instruments,’ by C. V. Drysdale and. 
A. C. Jolley, Ernest Benn, Ltd., London, 1924, pp. 75-108, chapter 
on “Conditions of Rapid Indication.”” Treatment of oscillating rota- 
tional systems. 

3. “The Engine Indicator,’’ by K. J. DeJuhasz, Instruments Pub- 
lishing Company, Pittsburgh, Pa., 1934, p. 202, Figs. 121 and 122. 
Treats oscillating translational systems. 

4 ‘Fundamentals of Instrumentation,’ by M. F. Behar, Instru- 
ments Publishing Company, Pittsburgh, Pa., 1932. 

5 ‘‘Photoelectrically Balanced Recording Potentiometer,” by C. 
Owen Fairchild, Instruments, vol. 10, April, 1937, pp. 95-96. 

6 “Verfahren und Fehler bei Gastemperaturmessungen,” by R. 
Hase, Zeit. V.DJ., vol. 81, May 15, 1937. Treats installation 


errors of thermo-responsive elements in conduits. 

7 ‘Use and Application of Automatic Control in the Textile In- 
dustry,"’ by F. S. Ward and R. D. Cleveland, American Dyestuff Re- 
porter, vol. 26, January 25, 1937, pp. 30-33. 
of temperature-responsive bulb. 


Discussion of one design 


> 
| 
| 
q 
| 


res 
f 
bea 
a 
i 
an 
BA : 
pl. 
ri 
Pe 
so] 
Fi 
co 
Gate 5 
te 
he 
an 
of 
R 
i 
| 
SE 
ak 
te 


Abstract of Progress Report No. 3 on 
Heavy Helical Springs 


By C. T. EDGERTON,? NEW YORK, N. Y.: 


This abstract gives the principal results of static tension 
and torsion tests, rotating-beam endurance tests in bend- 
ing, and torsion endurance tests of straight pieces of 
plain carbon basic open-hearth, plain carbon elec- 
tric-furnace and silicon-vanadium spring steel. These 
results are compared with those for other steels. 


HE RESEARCH program of the Subcommittee on Heavy 

Helical Springs of the A.S.M.E. Special Research Committee 

on Mechanical Springs, as described previously** in Prog- 
ress Reports Nos. 1 and 2, was completely at a standstill for 
some time because of economic conditions. About a year ago, 
J. B. Johnson, chief of Materials Branch of the Air Corps at Wright 
Field, became interested in the Committee’s work and offered to 
conduct some fatigue tests. Mr. Johnson had previously made 
some similar tests, the results of which were later published.§ 

Four groups of material were furnished for the new series of 
tests of which groups A and B were of plain carbon basic open- 
hearth steel, group C was of plain carbon electric-furnace steel, 
and group D was of silicon-vanadium steel. 

All springs were of */, in. round steel with 7'/2 total coils and, 
with the exception of group B, were of index 5. Group B was 
of index 3 and was intended, by comparison of fatigue results 
with those of index 5, to supply information as to the application 

! Abstract of Progress Report No. 3 of the Subeommittee on Heavy 
Helical Springs of the A.S.M.E. Special Research Committee on 
Mechanical Springs. 

? Head of Bureau of Statistics, Crucible Steel Company of 
America. Mr. Edgerton was graduated from Cornell University with 
a B.S. degree in mechanical engineering in 1901 and then entered the 
employ of the Brooklyn Rapid Transit Company. From 1902 to 
1915 he was associated in various capacities with the Railway Steel- 
Spring Company, part of this time being devoted to research work. 
Since 1915 he has been connected with the Crucible Steel Company 
of America. He has served for several years on the A.S.M.E. Special 
Research Committee on Mechanical Springs as secretary of the com- 
mittee, chairman of the Subcommittee on Heavy Helical Springs, 
and Society representative of the American Society for Testing Ma- 
terials. 

_ *“Fatigue Tests of Helical Springs and Number of Inactive Coils 
in Compression,” by C. T. Edgerton, Progress Report No. 1 of the 
Subcommittee on Heavy Helical Springs of the A.S.M.E. Special 
Research Committee on Mechanical Springs, presented at the Annual 
Meeting of Tue AMmRICAN SocreTy oF MECHANICAL ENGINEERS, 
held in New York, N. Y., December 5 to 9, 1932. 

: * Progress Report No. 2 of the Subcommittee on Heavy Helical 
Springs of the A.S.M.E. Special Research Committee on Mechanical 
Springs, by C. T. Edgerton, presented at a meeting of Tae AMERICAN 
— oF MECHANICAL ENGINEERS, held in Chicago, Ill., June 27, 
933. 

*“Fatigue Characteristics of Helical Springs,” by J. B. Johnson, 
Tron Age, March 15 and March 22, 1934. 

The complete paper from which this abstract was taken was con- 
tributed by the Subcommittee on Heavy Helical Springs of the 
A.S.M.E. Special Research Committee on Mechanical Springs, and 
was presented at the Annual Meeting of THe AMERICAN Society 
or Mecuanican EnGineers, held in New York, N. Y., November 30 
to December 6, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until December 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

NOTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


of the Rover-Wahl] stress correction as a measure of endurance. 
The chemical composition and heat-treatment given the four 
groups of steels are given in Table 1. 

The springs in each group were coiled to finish at a graded 
series of free heights, and were fatigue tested at a similarly graded 
series of maximum stresses. A probable stress-endurance curve 
was then calculated for each group on the assumption that the 
curve is of the form 


(WN — a) G—B) @ [1] 


where S is the maximum test stress, N is the number of cycles of 
stress to failure, and a, b, and k are constants for the group. 
Preliminary and calibration tests which were made were sub- 
stantially in accordance with the tentative program drafted by 
the Subcommittee at the outset of its work. Mr. Johnson made 
static tension and torsion tests, rotating-beam endurance tests 
in bending, and torsion endurance tests—all on straight pieces 
of the same material as the springs. He also made magnaflux 
tests on the springs, all of which revealed no cracks whatever. 


TABLE 1 CHEMICAL COMPOSITION AND HEAT-TREATMENT 
GIVEN THE FOUR GROUPS OF STEELS 
Grou Group Group 
A and B Cc D 
Chemical composition: 
Manganese, per cent........ aaa 0.360 0.210 0. 
Phosphorus, per cent........... 0.020 0.008 0.019 
0.032 0.011 0.014 
0.150 0.270 0.630 
Vanadium, per cent............ ee 0 0 0.170 
Heat-treatment: 
Oil-quench temperature, F............ 1620 1640 1570 
Draw temperature, F...............- 700 700 850-890 


Groups A and B—Plain carbon basic open-hearth steel. 
Group C—Plain carbon electric-furnace steel. 
Group D—Silicon-vanadium steel. 


Nore: 


Results of the static tests on the springs are given in Tables 2 
to 9, inclusive. Results of the endurance tests on the springs 
are shown in Figs. 1 to 4, inclusive. Results of the tests on the 
straight pieces are given in Table 10. A comparison of Mr. 
Johnson’s results, as previously published,® with the results on 
the Committee’s springs are given in Table 11. 

Comparing the results in Table 11, the plain carbon electric- 
furnace steel used in Mr. Johnson’s tests is far better than all 
other grades tested. These springs were reported to be cold- 
coiled and there were indications that the steel had been cold- 
drawn. These factors may or may not have had some bearing 
on the results, and will be given consideration in the Committee’s 
plans for further work. s 

Next best, by a small margin, is the electric-furnace chrome- 
vanadium steel, followed by the plain carbon basic open-hearth 
steel. The springs of plain carbon electric-furnace steel furnished 
by the Committee were probably substandard in regard to 
both chemical composition and heat-treatment. This group, as 
well as the silicon-vanadium steel, rated rather low in the com- 
parison. 

It should be remembered that all the springs originally tested 
by Mr. Johnson were fabricated from centerless ground bars, 
whereas the Committee’s springs were coiled from bars “as- 
rolled.” Apparently this has not resulted in any enormous dif- 
ference in endurance, such as is often found in rotating-beam 
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HELICAL SpRINGS OF PLAIN ELEcTRIC-FURNACE STEEL—GrRovuP C 


tests. We should not expect to find such a wide difference, as 
the various heating operations on the springs, subsequent to the 
centerless grinding, make it fairly certain that the finished article 
is neither bark-free nor surface-perfect. However, it is probable 
that the centerless grinding has contributed a measure of 
superiority to the springs so processed. 

Coming now to a comparison of the tests on the two plain 
carbon basic groups of index 3 and 5, respectively, we find most 
interesting data. The endurance limit for the index-5 group, 
as given in Table 11, was 72,730 lb per sq in., while that of the 
index-3 group was 92,170 lb per sq in. On translating these 
figures into stresses figured by the conventional spring formula, 
without the Rover-Wahl correction, we get 56,450 lb per sq in. 
for the index-5 group, and 59,230 lb per sq in. for the index-3 
group. It would appear from this comparison that the stress 
augment due to curvature of the bar has no effect whatever on 
endurance. 


HELICAL SPRINGS OF SILICON-VANADIUM STEEL—Grovup D 


This is a most surprising conclusion, and further check tests 
are imperative. Some spring engineers, arguing from practical 
experience, have thought it probable that the Rover-Wahl cor 
rection overcorrects. However, there is no reason to doubt 
that the Rover-Wahl theory is sound; the stress augment it 
predicts is actually present in the spring, and it is difficult t 
believe that it has no effect on the endurance. 

Mr. Johnson has kindly offered to conduct further tests for 
the Committee, and at the time this paper was written two addi 
tional groups of springs had just been forwarded to Wrigh! 
Field. One of these is a repeat lot of plain carbon electric stee 
while the other is a group made of plain carbon acid open-heart! 
steel. 

Our further plan is to select from all the grades of materis! 
so far tested the one which gives the best endurance results, atl 
with this material as a standard proceed to make comparati’t 
tests for the effect of various surface finishes. 
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TABLE 10 PHYSICAL PROPERTIES OF THE FOUR GROUPS OF 
STEELS 


Physical properties in tension: 
Proportional limit, lb per sqin........ 118,000 105,000 90,000 
Yield point, lb per sqin.............. 142,300 134,500 150,000 
Ultimate tensile strength, lb per 205,190 205,040 


Elongation per cent.. 
Modulus of elasticity, Ib per sq in.. 


Physical properties in torsion: 


7 12 
29,100,000 30,600,000 32,500,000 


roportional limit, lb per sqin........ 82,500 60,000 108,000 
Yield point, lb per sqin.............. 119,000 94,500 129,000 
Modulus of rupture, lb per sqin....... 153,100 164,180 175,000 
Modulus of rigidity, lb per sq in....... 11,800,000 12,300,000 11,800,000 
Endurance: 
Rotating-beam, lb per sqin........... 100,000 93,000 102,000 
With ig | V notch, lb per sq in...... 64,000 80,000 70,000 
Tormonal, 1D HOF OG 110,000 90,000 


Nore: Groups A and B—Plain carbon basic open-hearth steel. 
Group C—Plain carbon electric-furnace steel. 


Group D—Silicon-vanadium steel. 


TABLE . COMPARISON OF RESULTS OF TESTS ON JOHNSON'S 


ND THE A.S.M.E. SUBCOMMITTEE'S SPRINGS 


For 
1,000,000 
cycles, lb 
per sq in. 
Results of tests on Johnson’s springs of: 
Plain carbon electric-furnace steel........... 98,900 
Chrome-vanadium 82,000 
Silicon-manganese 75,000 
Plain carbon acid open-hearth steel.......... 73,000 
Results of tests on the Committee's ~ ire of: 
Plain carbon basic open-hearth steel......... 
Plain carbon electric-furnace steel........... 


Probable 
endurance 
limit, lb 
per sq in. 


93,000 
77,000 
70,000 
68,000 


72,730 
62,820 
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Air Resistance of Railroad Equipment 


By A. I. LIPETZ,! SCHENECTADY, N. Y. 


The author reviews the fundamentals of railroad aero- 
dynamics and the work done by previous experimenters 
in this field. He then presents the results of wind-tunnel 
tests conducted jointly by the American Locomotive, 
American Car & Foundry, and J. G. Brill companies at 
New York University, but devotes the greater part of the 
paper to drag tests, the object of which was the evaluation 
of the resistance of air to the motion of locomotives, cars, 
and trains. After determining the air-resistance for- 
mulas for the models used in the tests, the author expands 
the coefficients of the formulas to apply to full-scale equip- 
ment, and further simplifies the formulas for application 
to the prototypes of the models. He compares air-resist- 
ance of full-scale equipment as obtained from the formulas 
derived from test results and the simplified formulas, 


_ presenting such data in tabular as well as graphical form. 


The author concludes his paper with a discussion of air- 
resistance tests of full-size equipment and savings in power 
effected by streamlining. 


INTRODUCTION 


ORMULAS for the evaluation of resistance of locomotives 
. Bes: cars appeared first in the middle of the last century. 
‘ They consisted of two members and generally could be 
expressed 


R=A+CV? 


where FR is the total resistance, V is the speed of the vehicle or 
train, and A and C are certain constants. In the first known 


1 Chief Consulting Engineer in charge of research, American Locomo- 
tive Company, and nonresident professor in locomotive engineer- 
ing, Purdue University. Mem. A.S.M.E. Mr. Lipetz was educated 
at the Warsaw (Poland) Polytechnic Institute, from which he re- 
ceived the degree of engineer technologist (mechanical engineer) of 
the first grade in 1902. In 1903 he entered railway service in Russia 
as an apprentice on the Moscow-Kiev-Voronesh Railway, later 
serving as fireman, locomotive driver, inspector, and assistant master 
mechanic. From 1906 to 1909 he was assistant professor of thermo- 
dynamics and railway mechanical engineering at the Kiev Poly- 
technic Institute, also passing examinations required for the degree of 
adjoint of applied mechanics. For three years he held administrative 
) positions on the Tashkent Railway, and for the three years following 
} he was chief of the locomotive department, Ministry of Railways, 


) Russia. From 1915 to 1920 he served the Russian Railways in the 
i United States, first as representative of the Russian Ministry of 
, Railways and then as assistant chief and, later, chief of the Russian 
Mission of Ways and Communications in the United States. Since 
: 1920 he has been connected with the American Locomotive Company, 
4 first as European representative at Paris, and since 1925 as consult- 
| Ng engineer at Schenectady, N. Y., and recently as chief consulting 
j engineer in charge of research. Since 1927 he has also been non- 
resident professor of locomotive engineering at Purdue University. 
€ was granted a number of early patents on Diesel locomotives and 
was the designer of the Russian decapod locomotives of the war period. 
He is the author of many papers on steam and Diesel locomotives and 
pe Was the reporter for America on locomotives of new types at the Inter- 
hational Railway Congress held at Madrid, Spain, in 1930. 


Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting of Tae AMERICAN Soctery oF MecHaNicaL ENGI- 
NEERS, held at Detroit, Mich., May 17-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
: AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
') “epted until December 10, 1937, for publication at a later date. Dis- 
»» “4ssion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


3 Understood as individual expressions of their authors, and not those 
of the Society, 


formula, that of Clark (1),? which was enjoying general recogni- 
tion forabout half a century, R was expressed in pounds per weight 
of train in long tons, V was speed in miles per hour, A = 6, and 
C = 1/240. 

The Erfurt (2) formula, which was very popular in Germany 
and continental Europe, also had two members with A = 2.4 
and C = 1/1300, if V were expressed in kilometers per hour and 
R in kilograms per metric ton. Later, when train speeds began 
to go up, Frank, and later Strahl, in Germany (3), Barbier (4) 
in France, Sanzin (5) in Austria, and Aspinall (6) in England sug- 
gested three-member formulas of the general form 


R=A+BV+CV? 


where A, B, and C are constants depending upon the consist and 
the configuration of the trains. These formulas are now in use 
in Europe. 

In America the Baldwin Locomotive Works (7) and the 
American Locomotive Company (8); formulas have been in use 
for a long time. Lately, also the Davis (9) three-member 
formula has come into vogue. 

In all these cases the member with V? represented partly or 
wholly the air resistance. It was thus known in the sixties 
of the last century that the air resistance is proportional to 
V2. Eiffel, of Eiffel Tower fame, made very exhaustive tests, 
dropping bodies of different shapes from high altitudes, and found 
that the force resisting the movement of bodies in air is propor- 
tional to the square of the velocity. This further confirmed the 
theoretical considerations that the air resistance of railway ve- 
hicles* should be represented by a member with V?. 

In recent times the wind tunnels, the existence of which was 
brought about by aerodynamical studies necessary for develop- 
ments in the field of aeronautics, offered an opportunity for 
studying air resistance of vehicles, both for use on railways and 
highways. The first attempt at building a wind tunnel for 
these purposes, prior to any wind tunnel built for aeronautical 
studies, was made by the famous American locomotive experi- 
menter W. F. M. Goss, who built one in 1896 at Purdue Uni- 
versity for graduate students. The results of the tests were later 
reported by Goss (11, 12, 13). 

The Purdue wind tunnel was small; it had a rectangular sec- 
tion of 20 X 20 in. and was 60 ft in length. The models were 
rather crude; they were made as rectangular smooth painted 
boxes, representing the bodies of freight cars, to a scale of !/s 
in., the sizes being 12'/,. in. long, 3*/s in. wide, and 4!/, in. high. 
The models were kept still while the air was blown through the 
tunnel by a powerful Sturtevant blower, giving air velocities 
up to 150 fps (over 100 mph). - The technique of the tests was 
very remarkable for those days. The drag was accurately 
measured by a system of levers and the proper distribution of air 
velocities throughout the tunnel section was thoroughly studied 
and registered. A great many factors were already known to 
Goss. He found, for instance, that the total resistance offered 
by the air to a train consists of a quite important frontal resist- 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

3 The only statement to the effect that air resistance varies with 
V in the first power ever made can be found in F. W. Carter’s book 
(10) in which he gives a series of curves based on tests made in 1905 
and 1906 with cars on the New York Central Railroad. This may be 
true, within certain limits, for low speeds. 
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ance of the first car, of a suction resistance of the last car, and of 
varying resistances on intermediate cars, depending upon their 
location and their length. Dr. Goss was also perfectly aware of 
the skin-friction resistance offered by the sides and tops of the car, 
but did not come to study the ground effect and did not pay suf- 
ficient attention to the importance of the protuberance of various 
parts of locomotives and cars. Although the formulas which he 
established for air resistance of locomotives and cars were very 
remarkable for those days, they are now obsolete and should not 
be applied to our present-day railway equipment. 

That the wind-tunnel practice with small models was permis- 
sible for drawing conclusions regarding air resistance for large- 
size vehicles was proved later, long after Goss made his tests. 
The effect of the Reynolds number and the effect it has on ques- 
tions of similarity and relativity regarding tests with models was 
developed only when aerodynamical problems began to be 
studied in wind tunnels. A very good and complete exposition of 
these questions was presented by Tietjens (14). In this paper 
Tietjens showed that the coefficients of fluid resistance of bodies 
of geometrically similar shape are equal, if the Reynolds number 
in each case is the same. For high velocities the coefficients re- 
main practically constant, and if the models are not too small 
their test results are quite applicable to full-size vehicles, because 
the variation in Reynolds’ numbers permits the law of similarity 
to be applied with a very small error. 

The questions of railroad aerodynamics have been further 
elucidated by Klemin (15). In discussing the “scale effect,” 
which is another expression for the error tolerated when model- 
test results are extrapolated to full-size locomotives and cars, 
Klemin states that: ‘The question of scale effect in wind tunnel 
tests of trains does not appear to have anything like the im- 
portance sometimes imputed to it.’’ In his opinion, the error does 
not exceed 2 per cent for the best possible streamlined trains. 

Thus, in 1932, when the first German high-speed, lightweight 
streamlined train was built and put in experimental service be- 
tween Berlin and Hamburg, and when this example was followed 
by the Union Pacific and Burlington Railroads in this country by 
ordering their lightweight aluminum and stainless-steel trains, 
engineering science in Europe and America was ready for the 
development of these new ideas. Railroads became interested 
in high-speed, lightweight trains, and inquiries for streamlined 
locomotives began to appear. The research department of the 
American Locomotive Company, which had then already been in 
existence for more than a decade, had been following for some 
time the developments in high-speed vehicles in other than rail- 
road fields in different countries. 

W. C. Dickerman, president, and J. B. Ennis, vice-president, 
of the American Locomotive Company, conceived then the idea of 
making tests in order to establish values of possible economy in 
power due to streamlining, and the research department of that 
company started to investigate the available tunnels in this coun- 
try with a view to making such tests. A number of tunnels were 
visited, and taking into consideration the size, equipment, and 
geographical location of the tunnels with respect to the main and 
engineering offices of the American Locomotive Company, the 
Daniel Guggenheim School of Aeronautics of New York Uni- 
versity, with its aerodynamic wind tunnel, was chosen for the 
tests. 

About the same time, the American Car & Foundry Company 
became interested in making tests with streamlined cars, and the 
J. G. Brill Company, manufacturers of rail cars, were also 
anxious to study streamlining power cars for Diesel-electric 
trains. It was, therefore, suggested that these two companies 
join the American Locomotive Company and make these tests 
jointly with both locomotive and car models. 

Early in 1934 a committee of representatives of all three 


companies was formed for the study of the problem and for carry- 
ing out the tests. Messrs. V. R. Willoughby, general mechanical 
engineer of the American Car & Foundry Company, and G. O. 
Guernsey, then chief engineer of the J. G. Brill Company, were 
made members of the committee, and the author of this paper was 
appointed chairman. George DeBell, engineer of the American 
Car & Foundry Company, also served on the committee and took 
active part in the execution of the tests. The actual carrying out 
of the tests was left to the personnel of the Guggenheim School of 
Aeronautics, New York University, under the supervision of 
Prof. Alexander Klemin and the committee. 


FUNDAMENTALS OF RAILROAD AERODYNAMICS 


On the basis of the aerodynamical theory and from experimental 
investigations it is known that a train running at a certain speed 
through still air encounters first, front-end resistance of air, 
sometimes called head resistance or form resistance, due to air 
pressure on the frontal area of the first vehicle or locomotive; 
second, friction resistance on the sides and roofs of the cars of 
the train, called skin-friction resistance; third, a suction effect 
on the last car due to the vacuum which is caused by the train 
pulling through the air; and fourth, the resistance caused by the 
air eddies and turbulence underneath the car called, in general, 
boundary-layer effects. All these resistance forces combined to- 
gether offer what is called air or wind resistance, and sometimes 
air drag. If wind is encountered, an increase or decrease of 
resistance results, depending upon the direction of the wind. 

It is also known that the first, third, and fourth components of 
air resistance are proportional to the square of the speed and can 
be represented by a formula 


R, = V2. 


where A is the frontal area, sq ft of the locomotive or first car; 
V is the speed, mph; and a, is the engineering drag coefficient of 
resistance. For skin-friction resistance a similar formula can be 


established 


where L is the length of the train, V is the speed as before, and 
a, is another engineering coefficient. 

Strictly speaking, formula [2] is approximate. According to 
Klemin, skin-friction resistance of a well-streamlined train can 
be represented by 


where a,, is still another engineering coefficient. 
In some cases, of which we shall see examples later, formulas 
{1] and [2] can be combined into an approximate one 


or even 


where A is the frontal area of the vehicle, sq ft; V is the speed 
mph; and a is an engineer’s coefficient. Klemin (15) and Paw- 
lowski (16) give a more scientific justification for the foregoing 
formulas, but later simplify them by using what they call “et 
gineer’s coefficient.” The simplification permits the engineer t 
eliminate the rather involved conceptions of such factors 4 
kinematic viscosity and Reynolds’ numbers, which are of no im- 
portance for the present and can be’omitted by the practical 
engineer. They will be discussed later in so far as it is necessary 
for the subject of the paper. 

The experimental railroad aerodynamics is based on two mall 
principles: 


1 The first principle is that of dynamic relativity. Ac- 
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RAILROADS 


cording to this, the aerodynamic phenomena do not change if the 
relative motion of air and bodies remains the same; in other 
words, it is immaterial whether the body is moving in still air, 
or whether the body is stationary and the air and surroundings 
are moving in the opposite direction with the same relative speed 
to the body. Dr. Goss in his wind-tunnel tests accepted that as 
an axiom. Afterward Liffel made tests with bodies by dropping 
them from the Kiffel Tower and also by measuring the resistance 
of the still bodies in a wind tunnel. Very good agreement was 
obtained for both cases (17). 

2 The second principle refers to dynamic similarity. This 
means that air resistance of bodies of geometrically similar shape 
is identical, if the Reynolds number in each case is the same. 
However, if the Reynolds number is not the same, the phenomena 
may still be approximately the same for a certain region of the 
values of the Reynolds numbers beyond the critical (14). 

On the basis of these two principles it is possible to establish 
air resistance of different bodies by testing them in wind tunnels. 
For railway vehicles the strict application of the principles 
permits for testing the use of: (a2) Immovable models of railway 
vehicles (locomotives, cars, trains); (6b) air moving with a re- 
quired speed in a direction opposite the movement of the vehicles; 
and (c) a plane endless belt representing the track and moving with 
a speed and direction of the air in the tunnel. 


Winb-TuNNEL TEsts 

Since Dr. Goss’ tests were made (11), very little experimental 
work with models of railroad motive power and equipment had 
been carried out for a long time. In 1927 Prandtl made some 
tests in the Gd6ttingen, Germany, wind tunnel with models 
of high-speed electric cars (18) and Tietjens, his former col- 
laborator, made tests in 1930 in the Westinghouse Research 
Laboratory with models of short high-speed trains and interurban 
cars (19). 

Prandtl found that, for two streamlined models of cars, the total 
air-resistance coefficients in formula [4] were a = 0.00110 for 
one model, and a = 0.00105 for another model. The models were 
made to '/., scale and the cross-sectional area of the full-size 
car was 107.6 sqft. Tietjens and Ripley found that for a stream- 
lined electric locomotive of a cross-sectional area of 126 sq ft, the 
air-resistance coefficient was a = 0.0009, and that for each 
streamlined car this coefficient has to be increased by 0.00038. 
The coefficient for a nonstreamlined locomotive and the increase 
per nonstreamlined car should be 0.00204 and 0.00102, re- 
spectively.‘ 

In 1932, the Borsig Locomotive Works, before starting the 
construction of their streamlined locomotives (class 005), which 
since have become famous, had the Berlin-Charlottenburg Tech- 
nical Institute make wind-tunnel tests for them with locomotive 
and one- and two-car models. Two types of locomotives were 
tested, one with a tender and another of the tank type; a stand- 
ard and streamlined locomotive of each type was used. The 
locomotives had a cross-sectional area of approximately 116.0 
sqft. The locomotive with the tender was 113 ft long while the 
tank locomotive was 62.5 ft long. It was found that for,the non- 
Streamlined standard locomotive a = 0.00264; for the stream- 
lined standard locomotive a = 0.001 14; and for the streamlined 
tank locomotive a = 0.00105. Subsequently, Nordmann of 
Reichsbahn-Zentralamt published more accurate figures (20) 
which do not differ essentially from these figures. 

Later, the Berlin Technical Institute continued the tests with 
models of cars (21) for themselves, and obtained very interesting 
Tesults, among them that the effect of cars does not follow the law 
of proportionality and the straight line, but depends upon the 


‘The foregoing figures are quoted from Klemin’s article (15), p. 314. 
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location of the cars in the train, as previously found by Goss and 
other experimenters. 

Nordmann also reports on tests made with models of the Flying 
Hamburger, the first streamlined lightweight, Diesel-electrice 
train, placed in trial service in the fall of 1932 (20). 

The Union Pacific Railroad which simultaneously was following 
similar practice, had tests made at New York University, but 
no reports have been published. Some results are quoted by 
Klemin (15) and resistance coefficients a fluctuating between 
0.000887 and 0.001038 were found (22) which were close to the 
results of previous German tests. Likewise, tests were made in 
this country with models of streamlined trains which have been 
appearing since on many railroads. While it is known that tests 
were made at the wind tunnels of the Massachusetts Institute of 
Technology, the University of Michigan, Case School of Applied 
Science, and many other places, published reports are lacking. 

Exhaustive tests with locomotive models were made in 1931 
by the National Research Laboratories, Ottawa, Canada, for 
the Canadian National Railways. These tests are remarkable for 
the size of the model, which was to one-twelfth seale, probably 
the largest in recent tests, and for the importance of obtained 
results (23). They were also significant for the addition of smoke 
tests and the development of special smoke-stack streamlining 
and for the shaping of the top of the boiler with the intent of carry- 
ing away the smoke. The resistance coefficient a referred to the 
frontal area was, for a standard nonstreamlined locomotive, as 
high as 0.00268, while after streamlining and modifications the 
coefficient was reduced to 0.00174, which meant a reduction in 
resistance of 35 per cent due to streamlining. 

Other test results are also given by Klemin in his artiele (15). 

Quite recently tests made by the Advisory Committee for 
Scientific Research of the London, Midland & Scottish Railway 
were conducted with models in a 7-ft wind tunnel of the National 
Physical Laboratory on the joint behalf of the London, Midland 
& Scottish, the London & North Eastern, and the Southern Rail- 
ways, and a report of the tests was made later by Johansen 
(24). These tests also cover a great deal of investigation on the 
influence of oblique winds (yaw tests). Reference to these tests 
will be made later. 


WInp-TUNNEL TESTS OF THE AMERICAN LOCOMOTIVE, AMERICAN 
Car & Founpry, AND THE J. G. BriLL COMPANIES 


The tests referred to at the beginning of the paper were carried 
out in the 9-ft wind tunnel of the Daniel Guggenheim School of 
Aeronautics at New York University. This tunnel is of the closed- 
throat double-return type (25) with a working section originally 
9 ft long which is straight and octagonal in section. The rear 
part is built as a cone, fairing into a circular section 14 ft in 
diameter. The front part of the cone was rebuilt for the tests 
into a straight 23-ft-long octagonal section, forming a continua- 
tion of the working part; thus, uniform air speed for the longest 
train of models was obtained. A longitudinal section through the 
tunnel is shown in Fig. 1. The,13-ft Sin. eight-blade propeller 
is driven by an electric motor which permitted during the test, 
a maximum speed of 75 mph. 

The air velocity was measured at the tests hy a pitot static 
tube which is connected to a liquid manometer mounted on the 
balance platform and filled with colored alcohol. Knife-edge 
balances of the drag-and-lift type are installed in the tunnel for 
measuring the three forces and three moments along and around 
three ortogonal axes. Each balance is operated by a 3/20-hp 
motor, controlled by electric contact points at the ends of the 
balance arms, permitting them to float around a position cor- 
responding to the balanced load, which is then very accurately 
measured. Details are given in a description of the tunnel pub- 
lished by Teichmann and Ruffner (26). 
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Fig. 2 ScHEDULE or Tests ConpucTED JOINTLY BY THE AMERICAN LocoMOTIVE, AMERICAN Car & FouNnDRy, AND 
J. G. Britt CoMpANIES 


Three types of models were used for the tests: First, in order 
to determine the best method of testing, block models which had 
been made to a !/3 scale were used; these models were made 
without details, only to represent streamlined vehicles of the 
proper length and contour. Second, small models to a !/x 
scale were made for determining the influence of oblique winds; 
they were called “yaw models,” as they permitted their conveni- 
ent placing at yaw in the extended working part of the tunnel. 
Third, larger models were used for getting as reliable figures as 


possible for locomotive and car resistance in the available length’ 
While we started out with the desire of making tl 
size of the models to a '/12 scale, further consideration compelleé 
the committee to reduce the size of the models to a '/i¢ st 


the train. 


These models were called ‘drag models.” 


The type of equipment was so selected and the sequence “ 
tests was so arranged that every feature of streamlining ¢0!" 
be tested one at a time, after the effect of other features had be 
found from previous tests, thus permitting the selection of 
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best type for each individual feature while the tests were still 
in progress. The schedule of tests was so worked out that the 
uumber of tests was minimum for a maximum number of com- 
binations. The schedule is shown in Fig. 2. 

For instance, for the streamlined locomotive a round-top boiler 
and a cowled-top boiler in which the cowl covered the dome, sand- 
box, and cab turret, were tested. As to the front part, a helmet 
nose, round nose, and straight nose were experimented with. In 
order to obtain all possible combinations of tops and noses, the 
models were parted as described later in the paper. For obtain- 
ing the straight nose, special pieces in the lower part of the front 
were provided to enable exchanging them without disturbing the 
rest of the models. Shrouding of the locomotive wheels and mecha- 
nism was foreseen, as well as openings for oiling the running 
mechanism in a full-size locomotive. Therefore, the following 
shrouds were provided: 


(a) A shroud which covered the sides between locomotive 
cylinders and cab; called “long (or closed) shroud.” 

(b) Ashroud which left open the sides from the cylinders to the 
cub; called “short shroud.” 

(c) A shroud with openings for oiling; called “open shroud.” 


Modifications were made for the cars in the lower part of the 
body by covering it up with skirts (closed) or simply leaving it 
open The trucks were equipped with side aprons on the power 
car and trailing cars (called faired trucks), or built of the stand- 
ard type. On the streamlined locomotives the trucks on the 
tender were covered by the continuation of the locomotive shroud, 
except on the locomotive with the short shroud as shown in 
Fig 10. Diaphragms between cars for small-size models (!/3:) 
were smooth, while in drag models ('/,s) they were of two types 
smooth and corrugated All drag models with the previously 
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mentioned modifications were built to '/i. scale. For yaw 
models the same equipment was duplicated to '/;: scale. Drag 
tests were also made with this smaller equipment (at zero yaw), 
and for this, a standard 4-6-4 locomotive was built to '/2: 
scale in order to permit a comparison between the test results 
at the two different scales. Thus, the following types of equip- 
ment were studied: 


1 Streamlined power car with the two types of streamlined 
nose shown in Fig. 3, and with standard and faired trucks shown in 
Fig. 4. Models made to 1/1 scale. 

2 Tail car with two types of tail as shown in Fig. 5, and with 
standard or faired trucks. Models made to !/1¢ scale. 

3 Intermediate streamlined cars with standard and faired 
trucks and also open and closed skirts as shown in Fig. 6. Models 
made to scale. 

4 Streamlined 4-6-4 Hudsen-type locomotive with three 
types of nose, i.e., helmet, round, and straight as shown in Figs. 
7A, 7, and 12; two types of boilers, i.e., round top and cowled 
top as shown in Figs. 7, 9, and 10; and three types of shroud, i.e., 
long, short, and open (windows) as shown in Fig. 7. Models 
made to !/1¢ scale. 

5 Standard 4-6-4 Hudson-type locomotive shown in Fig. 8 
made to scale. 

6 Standard cars which were tested with the standard loco- 
mot ve. Models made to !/i scale. 

7 Streamlined 4-4-4 locomotive with round-top and cowled- 
top boiler, also shown in Fig. 7. Model made to 1/3: scale. 

8 Standard 4-6-4 locomotive built to '/ scale, also shown 
in Fig. 7. . 
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The types of equipment and the difference between them 
are also illustrated in Figs. 9 to 12, inclusive. 


PRELIMINARY TESTS 


Different methods for testing railroad equipment are employed 
in wind-tunnel tests. The most popular are the ground repre- 
sentation by a fixed board in the direction of the wind, and the 
mirror, also called reflection method. Neither of the two is ab- 
solutely correct. The first has the disadvantage that the prin- 
ciple of dynamic relativity previously referred to under ‘‘Funda- 
mentals of Railroad Aerodynamics”’ is not fulfilled, as it does not 
duplicate exactly the actual conditions. When a train is moving 
on rails with a speed V in relation to the ground, the ground and 
air are still and the relative velocity between the train on one 
hand, and the air and ground on the other hand, is V, while in 
the wind tunnel with a fixed ground board, the train and board 
are still and the relative velocity between the model and the air 
is V, but not between the model and the ground; it is only zero. 
Thus, the conditions are only partly reversed, and have not the 
same relation. 

The mirror method seems to have a greater theoretical justi- 
fication. It consists of mounting two identical models in the wind 


Types oF Locomotive MopE.s TESTED 


tunnel, with their surfaces placed in such relative position that 
the distance between wheels of the two models represents twice 
the ground clearance in the scale of the model. It is assumed 
that since the flow about the two models should be identical, 
there exists half-way between the undersurfaces of the model, a 
flow which lies entirely in a horizontal plane and is located 
at the point where the ground is to be represented. This is 
evident from Fig. 13 which is taken from Klemin’s paper (27). 
Fig. 13 shows only that portion of Klemin’s figure which illus- 
trates the theoretical flow past two identical cylinders. If a 
true streamlined flow existed over the two models, this might 
be so, but the flow is not streamlined, as eddies which represent 
unstable and oscillatory flow conditions are liable to form. If 
the eddies should happen on both models at the same instant, 
the mirror method would still be theoretically correct, but, in 
fact, these eddies on two different models are not coincident in 
time and therefore not strictly symmetrical. Under these con- 
ditions, the eddies may cross the theoretical boundary and the 
ground condition is no longer simulated correctly. 

A theoretically correct method is the method of a moving end- 
less belt when the belt itself represents the ground relative to 
the model. If the upper surface of a belt is moving with a linear 
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Fic. 9 STREAMLINED LocoMoTIVE Wi1tTH CowLep BoILer Top 


Fic. 10 STREAMLINED Locomotive WItH SHort SHRouD 


Fic. 11 STREAMLINED LocoMoTIVE MopeL WITH DETACHABLE SIDES AND WINDOWS 


Fic. 12 INTERCHANGEABLE NOSES FOR STREAMLINED MoDELSs 
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speed V equal to the speed of the air, the relative velocity between 
the belt and the air is zero, while the relative velocity between the 
model and both the belt and air is V. Thus, the conditions are 
reversed as compared with the actual conditions but relatively 
identical with them. Such a method was suggested by Eiffel some 
twenty years ago, but tests made afterward failed to make the 
moving belt function properly, free from vibration, or shifting of 
position (28). 


Fig. 13. THroreticat 1x a Mirror Test Two 
CYLINDERS 


Fig. 14 Locomotive MopEL AND TAIL Car ON ENDLESS BELT 
In WIND TUNNEL 


Klemin, however, desired to try it again and therefore estab- 
lished in the Guggenheim aeronautical laboratory a moving belt 
| 12in. wide and 80 in. between centers of the two 7-in. rollers driven 
by two electric motors. By controlling the rotary speed of the 

» rollers, the speed could be changed from 30 to 90 mph. Fig. 14 
| shows the installation of a power car and tail car on the moving 
| belt in the tunnel, with the suction propeller in the background. 
In addition to this test, three others were tried: (a) The first 

) Was with a fixed ground board of two different lengths, 40 in. 
» and 120 in. X 60 in. wide, and at three different ground clear- 
» ances of 5/,, 5/s, and 11/s in. between the flats of the wheels and 
5 the ground board; (b) the second employed the mirror method. 
| (¢) the third employed a free suspension method. All three 
» Were made with a block model of a power car with a tail car. 
The results are shown in Fig. 15 by straight lines on logarithmic 
paper. The tangents of the straight lines represent the exponents 
, of the drag values versus speed. The straight line for the belt test 
' shows the conditions with the belt running, the straight line being 
) directed through the points (triangles) as close as possible. Circles 
» ‘present points when the belt was stopped. It can be seen that 
) the circles fit the same straight line as well as the triangles do. 


RR-59-4 625 
Thus, there was practically no difference between the results 
under these two conditions in so far as it could be represented by 
straight lines on logarithmic paper. The difference between the 
line with the belt stopped and the board at the same clearance is 
probably due to the difference in the width of the board and the 
belt. The line of the belt drag values lies between those of the 
large board at a clearance distance of */i. in. and °/s in. between 
the flats of the wheels of the model and the ground board, the 
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Fig. 15 Test Resutts OBTAINED BY DIFFERENT TESTING 
MeTHODS 


lower limit being the ground clearance for a 6-in-high rail at a 
scale. 

Thus, it was assumed that the drag measures of the model 
were unaffected (within experimental limits) by the velocity of the 
ground relative to the model and it was recommended that further 
tests be run with a fixed ground in the normal positiof (29). ‘As 
this method of testing was the simplest and would give sufficiently 
accurate results, it has been adopted for the tests. A’ ground 
board 7 ft wide and 23 ft long was used, as some trains‘exceeded 
20 ft in length. After the installation of the ground board the 
velocities were again calibrated and the pressure gradient in the 
tunnel verified. 


Yaw AND Drag TEsts 


The tests were carried out during the summer months of 1934 
and 36 tests, as shown in the schedule in Fig. 2, were conducted. 
Forces and moments along and around three ortogonal ‘axes, 
with models as previously stated, were measured at various speeds 
and angles of yaw (including 0 deg yaw), except those tests which 
were made for drag only. The results were compiled in a report 
(30) presented to the three sponsors of the tests (American Loco- 
motive Company, American Car & Foundry Company, and the 
J. G. Brill Company) and approved by the Committee: 
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TABLE 1 


Test nu Equipment’ Power's Trail ling Di iapar Tai! fair ring, Boiler 
Open, Faired | Standard | Smocth | %2 2 | — | — 
25 — | | ” Round Top Open | |. 
27 SL = _ (Closed | 
29 — | — | — = | — 
34 — | — | — 


Notation used: 


Test No. 21 

Streamline locomotive 
Tail car 

Open side-sill skirts 
Trailing car std. trucks 
Tail fairing long CT No. 2 
Smooth diaphragm 


Indi- Cali- 

cated brated Ob- 

veloc- veloc- served 

ity, ity, drag, ADp 

mph mph Ib Ib 

30 29.6 0.655 0.086 

: 0 

0.: 
3. 0.3 
2. 0 
3. 0. 
3. 0. 
3. 0 


Test No. 18 

Power car 

Tail car 

Two streamline coaches 
Open side-sill skirts 
Power-car faired truck 
Trailing car std. trucks 
Smooth diaphragms 


Indi- Cali- 

cated bra 

veloc- veloc- Observed 

ity, ity, drag, ADp, 
mph mph Ib Ib 
30 29.6 0.740 0.140 
40 39.8 1.335 0.213 
50 50.0 2.115 0.331 
55-455. 1 2.535 0.408 
60 60.3 2.990 0.480 
65 65.8 3.465 0.594 
70 71.4 4.215 0.713 
75 77.1 4.750 0.841 


locomotives, cars, and trains. 


RESULTS OF DRAG-MODEL TESTS 


[ke ] 
|.1503 


P- Power car, T- toil car ; 


NC- non-streamlined (standard) car. 


TABLE 2 RESULTS OF TEST NO. 21 (30) 


1/,e-Size drag model test 


Net 
drag, 
Ib 
0.569 
1. 
2. 
2. 
3. 
3. 


Helmet nose 
Round top 

Closed shroud (locomotive and tender) 
Length = 10.34 ft 
Side area = 18.56 sq ft 


Full-scale drag = 0.1126 V? + 0.0535 V'-85 


TABLE 4 RESULTS OF TEST NO. 18 (30) 


1/16 Size drag-model test 
Tail fairing, long CT No. 2 
Power-car nose No. 2 
Length = 17.24 ft 
Side area = 28.71 sq ft 


creases, or decreases the air resistance. 


Full-scale drag = 0.1116 V? + 0.0774 V.% 


For lack of space, this paper is limited to only the drag tests, 
the object of which was the evaluation of the resistance of air to 
the motion of railroad motive power and equipment, that is, 
The ground wind should be men- 
tioned here in so far as its effect in the direction of the train in- 
DeBell (31) has already 
published a review of that part of the New York University 1. 


report (30) which pertains to ground winds. He derived formulas 


SC: streamlined car3 SL- streamlined locomotive ; 
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3933, 002871 || 136 96 


4593 003353 | 136.96 


Kp 
49 1.0774 
0882 |.0614 
.0744 |.0437 |. 
1126 |.0535 
| 1152 |.0535 |. 
AT 
1161 |.0535 
1156 
1308 |.0535 
1094 | 0363 
2400 | 
3103 | 0636 
3709 0830 | 
3975 + 1023 | 
2337 | | 
| 3025 |.0636 
3518 |. 0830 | 
4082 |. 1023.4 


K [a [Ana 
|.1503 |.0016 91/88. 89|-49 | +.63 
1536 |.001728) 88. | -4.8 | +.62 
1189 001337) 88. Be 49 _| +.64 
0962 |.001082| 88.89 |-44 
|.001010 |137.98 [736 
1419 |.001029 137.98 |- 36 | +.50 
1414 |137. 98 | [-36 | +.50 | 
1428 |.001035 98 [735 | | 
1423 001032 137.98 |-3.5 
1575 | 13798 |-3.3 | +.39 
1275 |.o00e24 137.98 [72.8 
.2611 | 001908 |-1.7 | 
3420 | 002498 | {136 \-1.8 | +.20 
-4124 | 136.96 | -1.9 | *-27 | 
4486 | 003276 | 136. | -22 
001859 | 136.96 | | 
. 3343 |.002441 136.96 -!.8 | +23 | 


[-2.1 


l-2e 


NL: nen streamlined (standard) locomotive; 


© Evcore ove in relation fe formule v' 


Streamline locomotive 


Tail car 


Open side-sill skirts 
Trailing car std. trucks 


Tail fairing 


Indi- 


long CT No. 2 
Cali- 


cated brated Ob- 


veloc- veloc- 


ity ity, 
mph mp 
30 29 


served 
drag, 
h Ib 
6 .640 
.3 
8 
4 


Test No. 19 


Power car 
Tail car 


One streamline coach 
Open side-sill skirts 


Power-car f 


aired truck 


Trailing cars std. trucks 
Smooth diaphragms 


Indi- Cali- 

cated brated 

veloc- veloc- Observed 
ity ity rag, 
mph mph Ib 
30 29.6 0.565 
40 39.8 1.030 
50 1.655 
55 «6555.1 1.990 
60 60.3 2.350 
65 65.8 2.740 
70 71.4 3.340 
75 77.1 3.840 


Full-scale drag = 0.1152 V? + 0.0535 V'.85 


Full-seale drag = 0.0882 V? + 0.0614 V1.8 


TABLE 3 RESULTS OF TEST NO. 22 (30) 
Test No. 22 


drag 


-model test 


Smooth diaphragm 


Round nose 
Round top 


Side area = 18.56 sq ft 


Net 

ADp, drag, Dy, 

Ib Ib Ib 
0.086 0.554 0.169 
0. 0. 
0.: 1 0 
0.29 0 
0 2.2 0 
0. 2 0 
0. 3 0. 
0. 3. 0. 


TABLE 5 RESULTS OF TEST NO. 19 (30) 


Closed shroud (locomotive and tender) 
Length = 10.34 ft 


Dp, Dp 
ib 
0.385 1122 


Size drag-model test 
Tail fairing, long CT No. 2 
Power-car nose No 
Length = 13.04 ft 


Side area = 21 


Net 
ADp, drag, Dy, 
Ib Ib Ib 
0.110 0.455 0.191 
0.157 0.873 0.332 
0.238 1.417 0.505 
0.301 1.689 0.606 
0.391 1.959 0.717 
0.458 2.282 0.805 
0.543 2.797 0.977 
0.615 3.225 1.130 


with tender and tail car in the wind tunnel. 


.76 sq ft 

Dp, Dp _ 

Ib (V/16)? 
0.264 0.0772 
0.541 0.0872 
0.912 0.0934 
1.083 0.0915 
1.242 0.0874 
1.477 0.0874 
1.820 0.0915 
2.095 0.0902 
Ave 0.0882 


for speed components and resultants and gave test curves for aif 
drags with ground winds in relation to drags without wind, both 
for streamlined trains and trains composed of standard equipment. 
Interesting and corroborative results on ground winds have beet 
reported by Johansen (24). 
Of 36 tests, 20 were of the drag type. They are listed in Table 

Fig. 16 represents a drag model of a streamlined locomotive 
Observations and 


& 
626 
| 
st 
te 
Ib Ib (V/16)2 € 
169 0.400 0.1169 
291 0.739 0.1192 40 39 0.724 0.1169 h 
444 1111 0.1134 50 50 1.156 0.1181 t 
530 1.337 0.1126 5555 1.382 0.1167 
628 1.577 0.1110 60 60 1.627 0.1143 
738 1.863 0.1101 65 65 1.908 0.1126 + 
860 2.216 0.1110 70 71 2.326 0.1169 
978 2.473 0.1063 75 (77 2.643 0.1140 
Total 0.9005 Total 0.9217 : res 
Avg 0.1126 Avge 0.1152 3 
she 
| 
in 
Ib 1b 1b call 
0.600 0.359 1050 ele 
1.122 [418 0.704 1135 
1.784 [9635 1.149 1177 
2.127 [767 1.360 1150 giv 
2.510 [#902 1.608 1131 
ees 2.871 060 1.811 1072 dra 
3.502 230 2.272 1142 te 
Rac Oe 3.909 425 2.484 1069 r 
(sid 
give 
give 
Bn 


RAILROADS RR-59-4 627 


Fig. 16 Drag or Locomotive Wira TENDER AND Car 1N THE WIND TUNNEL 


computation results were put on separate sheets, one for each 
test. As an example, a copy of test sheet No. 21 is represented in 
Table 2. This pertains to a test with '/:-size drag model of a 
streamlined locomotive with a tail car. The locomotive had a 
helmet nove, a long (closed) shroud and a round-top boiler, shown 
in Kies ¢ and 7A; the car had open side-sill skirts, as shown in 
Fig. 6, and standard trucks. Between the tender and the car 
there was a smooth diaphragm. For purposes of comparison, 
test sheet No. 22 is shown in Table 3; it can be seen from the 
heading of Table 3 that the difference was only in the locomotive 
nose. Full-scale drag formulas as a result of the tests differed in 
this latter case only in the member with V2, which had a coeffi- 
cient 0.1152 instead of 0.1126 for the helmet nose, a difference of 
+ 0.0026 for the round nose. 

Table 4 represents a copy of sheet No. 18, which shows test 
results of a streamlined power car with nose No. 2 shown in Fig. 
3, with tail-car end No. 2 shown in Fig. 5, open side-sill skirts 
shown in Fig. 6, faired trucks on the power car shown in Fig. 4, 
and two streamlined coaches with standard trucks. Table 5 
shows the sheet of test No. 19 pertaining to the same equipment 
and details, but with only one coach instead of two. The dif- 
ference between the values of these two formulas gives the saving 
in resistance of one intermediate streamlined coach. 

Each of the test sheets, tables 2, 3, 4, and 5, has eight columns. 
The first gives the indicated velocity of air in miles per hour; 
the second column, the corrected velocity as established through 
calibration; third, the observed drag in pounds, as read from the 
electric scales; the fourth is the error AD, due to pressure 
gradient in the tunnel, calculated for the length of the model 
given on the sheet; this has to be deducted from the observed 
drag. The difference between the preceding column and this lat- 
ter column gives the net drag (fifth column). The sixth column 
Tepresents the skin friction which is estimated for the wetted 
(side) area of the model indicated on the test sheet for the cor- 
responding air velocity. The formulas for this calculation are 
given below. These figures are subtracted from the net drag to 
give, in the seventh column, the profile or pressure drag D, in 
pounds. This is the force which is applied to the front part of 
the model due to the velocity of air, includes the boundary layer 
and the suction effects, and which, as we know, depends only 
Upon the square of the speed. The last column represents the 
figures obtained by dividing the seventh column figures (D,) 


by (V/i6)’, thus giving the coefficient of pressure drag for the 
first member of the next given formula. 


ANALYsIs CF Test RESULTS 


The proper understanding of the test results might be facili- 
tated if some preliminary calculations are considered and the 
Reynolds number is more closely scrutinized. By definition the 
Reynolds number 
VL 


v 


R.N. = 


where 

5 = density of air = 0.002378 slugs per cu ft, slug being the 
English unit of mass; V = velocity, fps; L = length, ft, or any 
linear dimension of the model; yu = air viscosity = 0.000000373 
lb see per sq ft; and vy = u/d = 0.0001568 sq ft per sec. Thus 


R.N. = 6378VL 
if V as before is in fps. Also 
R.N. = 9354VL 


if V is in mph. 

It is easy to see that the Reynolds number is nondimensional, 
i.e., not depending on the system of units; it is the same in the 
metric (centimeter-gram-second) or the English (foot-pound- 
second) system. 

For models of our size, Reynolds’ numbers fluctuate between 
2,100,000 and 14,250,000, although sometimes in the wind tunnel, 
on account of turbulence, they might have been still higher. For 
our full-size equipment (locomotives, car, and trains) Reynolds’ 
numbers vary between 88,200,000 and 304,000,000. 

These figures may not mean much, but the interesting part of 
this is that the variation of the coefficient of friction between air 
and bodies is very slight, when Reynolds’ numbers are as large 
as those just given. According to Tietjens (32) for a long cylinder, 
after a certain critical number, the coefficient remains almost 
constant as shown in Fig. 17. The same applies to coefficients 
of other bodies. 

It is evident from the shape of the locomotive model in 
Fig. 7A that substantially a streamlined locomotive consists of 
very few, rather simple, curved surfaces, for which fortu- 
nately, we already have some coefficients from tests begun by 
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Eiffel and continued by other experimenters up to the present 
time. The top front part can be taken approximately as an 
upper half of a frontal surface of a half sphere. The resistance 
coefficient referred to the cross section of the sphere is 0.00045 
according to Pawlowski (16) and 0.00051 according to the latest 
tests of Klemin, both in pounds per square foot. The lower part 
of the locomotive model can be considered to be a half-cylinder, 
with the axis perpendicular to the flow of air. As a cylinder, it 
will have a coefficient of resistance equal to 0.0009 (33). These 
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Fic. 17 Corrricient oF Air RESISTANCE FOR LonG CYLINDER 
AS A FUNCTION OF REYNOLDS’ NUMBER 


resistance coefficients are good for Reynolds’ numbers over a 
million and, therefore, should at least be right for our models. 
The side of the locomotive, with the tender, in so far as it is 
shrouded, is a flat, presumably smooth, surface, placed in the 
plane of the wind. For this case the resistance is expressed by a 
formula 

where R, = skin-friction resistance, lb; C,; = the skin-friction 
drag coefficient, lb per sq ft; 6 = density of air as previously 
stated, slugs per cu ft; V = speed in fps (1.4667 X mph); 
and S = wetted area on right and left side of the model, sq ft. 
The skin-friction-drag coefficient can be figured approximately 
for large Reynolds’ numbers (34) 


{5] 


It is represented graphically in Fig. 18. 

On the basis of these data, the air resistance of the helmet-nose 
model shown in Fig. 7A should be approximately: 

1 Half sphere (center 2!*/,. in. from the top): Cross-sectional 
area and resistance for a speed of (1 mph)? are 


Wow X (213/19)? = 12.425 sq in. 


(1/144) X 12.425 X 0.00051 = 0.0000440 lb per (1 mph)? 
2 Two half-cylinders (from the center line of the sphere to 
the bottom): Cross-sectional area and resistance are 


(approx) X + 55/s X = 53.086 sq in. 


(1/144) X 53.086 X 0.0009 = 0.0003318 lb per (1 mph)? 

3 Two flat surfaces of the rest of the locomotive and tender 
which surfaces (see also Fig. 7) have a length of 61.75 in. and a 
breadth (height) of 9.5625 in. in average: The wetted area (ap- 
proximately) is 


(1/144) X 2 X 61.75 X 9.5625 = 8.2 sq ft 


and the skin-friction resistance is (the skin-friction coefficient 
for a Reynolds number of 4,100,000 being 0.00382). 
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0.00382 x (0.002378/2) X (1.4667)? K 8.2 = 0.0000801 Ib per 
(1 mph)? 
Thus, the total air resistance of the model will be 
0.000044 + 0.0003318 + 0.0000801 = 0.0003758 + 
0.0000801 = 0.0004559 lb per (1 mph)? 
The first member of the second sum represents the pressure- 
drag coefficient of the model k,’ less, however, the boundary-layer 
drag, while the last of the two members is the skin friction of the 
model ky. The two together give a value for the total drag of the 
model, less the boundary-layer effect, or 
k,’ + ky = 0.0003758 + 0.0000801 = 0.0004559 lb per 
(1 mph)? 
and per 1 sq ft of frontal area (12.425 + 53.086 = 65.511 sq in. 
= 0.455 sq ft) 


0.0004559 
0.455 


The air resistance of a well-streamlined locomotive with tender 
of a total length of 93.3 ft (length of model 5.83 ft) could thus 
be figured a priori, at least for a model, and found to be 


= 0.0010019 lb per sq ft per (1 mph)? 


where A = cross-sectional area of the model, sq ft; anda = 
0.0010019, or 0.001, approximately. 

This figure is remarkably close to the coefficients as found by 
Tietjens and Ripley for a streamlined electric locomotive alone 
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Fig. 18 COEFFICIENT 


(0.0009), Prandtl (0.00105), and other experimenters, as given 
previously in this paper. It is also in good agreement with 
results of the tests discussed (Table 1, test No. 21, column a). 

For large-size bodies (locomotive, cars, and trains), it would 
seem that we could simply increase the model drag figures in 
the ratio of the squares of the sizes, in this case multiplying them 
by 16? = 256. This would not be strictly correct because the 
skin-friction coefficient is not constant. It varies in accordance 
with formula [5]. Therefore, for the tests of New York Uni- 
versity on behalf of the three companies, Klemin employed 
the following procedure: In the test sheets, examples of which 
were shown in Tables 2, 3, 4, and 5, the skin friction D,, given 
in the sixth column, was figured for the model according to 
formulas [4a] and [5] in the same way as in the foregoing ex- 
ample. These figures were deducted from the net drag, given in 
the fifth column, and D,, given in the seventh column, as well as 
D,/(V/16)? the values in the eighth column were thus obtained. 
The average of these latter figures for speeds between 30 and 75 
mph is the pressure-drag coefficient K, for a full-size vehicle. 
This is because we know that the pressure drag is in proportion 
to the square of the linear dimensions and the square of speed, 
namely, R, = aAV?. 
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In regard to skin-friction drag of a full-size vehicle, D,,, or sim- 
ply Ry, this, according to formulas [4a], [5], and [6] combined, is 


y2 
Ry = 0.0375 S [7] 


the notations being the same as in formulas [4a], [5], and [6]. 
For a model, the skin-friction drag is 


0-18 
ry = 0.0375 8 (2) {3} 


the corresponding notations differing only by the size of the 
letters, that is, lower-case letters refer to the model. The ratio of 
the skin-friction value of a full-size vehicle to that of a model is 


R my v\'5 gs 
(*) 8 ( vl 8 € 


S 
It is evident that the ratio of wetted surfaces rt (4) 


therefore 


The ratio of the linear dimensions (L/I) is the reciprocal! of the 
scale size; in our case it is either '/:5 or '/32. Denoting the ratio 
of the linear dimensions by 1/S,, we obtain 


Ky 
71.88 


whence 


If we denote the latter ratio by K,, then 
R, = K,; X 


from which we can determine 2, if we know the coefficient Ky, 
which in turn is calculated from the model skin friction 


Ky 


where r, = model drag friction, lb; v = model velocity, mph; 
S. = scale of model ('/1s or '/32);_ ry being obtained from formula 
[8]. 
The full-scale air resistance can then be established as 
Re = Ry + R; 
or 
[9] 


Values of K, and K, for all drag tests are given in Table 1. 
For instance, for a streamlined locomotive with tender and tail 
car (test No. 21), the formula is 


R, = 0.1126V? + 0.0535V!-85 


The coefficients 0.1126 and 0.0535 can be taken from Table 1 
for this test. 


This latter formula would give, for V = 100 mph, a total 
resistance of 1430 lb. As the cross section of the streamlined 
locomotive, the model of which was used for test No. 21, is 137.98 
sq ft, the resistance coefficient a in formula [4] is 


1430 
137.98 10,000 


= 0.001036 


RR-59-4 629 


which is within 3.3 per cent of the a priori value of 0.0010019 
found previously by simple calculat:ons for the locomotive and tail 
car of the same length. As the boundary-layer effect was not 
included in the a priori air-resistance calculations, this also 
proves that this effect can be represented by the same coefficient 
a, if the cross-sectional area of the layer is included in the total 
area A. This may also explain the results of our moving-belt tests, 
when the boundary layer was brought into effect in one case and 
eliminated in the other, with no noticeable difference in results. 


ForMULAS AND THEIR SIMPLIFICATIONS 


The method of expanding coefficients from model tests to full- 
scale equipment, proposed by Klemin and explained previously 
is based on scientific grounds and has the advantage that coef- 
ficients K, and K;, are constant, that is, they are the same for 
models and full-scale railroad equipment. In the report made by 
the Guggenheim School of Aeronautics (30), a formula of the 
two-member construction, such as formula [9], is given for each 
type of equipment as the result of each individual test; ex- 
amples of the formulas are given in Tables 2, 3,4,and 5. At this 
point the obligation of the School ceased. It was now our duty 
to make the best use of the report and formulas. 

In the opinion of the author, one or two simplifications would 
be necessary, at least they were worth trying. He wished 
first to find out what is gained by going to the use of the two- 
member formula, in which one has the unusual exponent of 1.85, 
and whether the old one-member formula of the V? type would 
not do; in case it should, the author wanted to know what error 
this simplification would involve, if any. 

In Fig. 19 is shown the curve resulting from test No. 18 made 
with a streamlined power car with tail car and two streamlined 
coaches. The formula recommended on the basis of test No. 18, 
results of which are given in Table 2, is 


R, = 0.1116V? + [10) 


Crosses in Fig. 19 correspond to resistances for speeds at intervals 
of 10 mph from 10 to 120 mph, and it is evident that they can 
be very well represented by a parabolic (one-member) formula 


R, = KV? = 0.1508V2............... [11] 


The parabolic curve was found by the method of least squares. 
The differences in resistances obtained by the two formulas are as 
given in Table 6. 


TABLE 6 COMPARISON OF AIR RESISTANCE FROM FORMULAS 
[10] AND [11] 


Speed Ra from Ra from 
mph formula [10], formula [11], Difference, 
lb lb per cent 
10 16.6 15.0 —9.67 
20 64.4 60.1 —6.63 
30 142.3 135.3 —4.92 
40 249.8 240.5 —3.72 
50 386.6 375.8 —2.81 
60 552.5 541.1 —2.07 
70 747.4 736.5 —1.46 
80 971.0 961.9 —0.93 
90 1223.2 1217.4 —0.47 
100 1503.9 “ 1503.0 —0.06 
110 1813.1 1818.6 +0.31 
120 2150.6 2164.3 +0.64 


This justifies the use of the one-member formula, because the 
difference is negligible; at low speeds the percentage difference 
may seem large, but actually it amounts to a few pounds. At 
high speeds (about 100 mph) it is less than a small fraction of one 
per cent. Besides, small speeds, below 50 mph, are now of little 
practical interest. 

All two-member formulas derived from the tests were similarly 
analyzed and the results were the same. It was found that every 


two-member formula, of the type such as formula [9], can be 
replaced by a one-member formula of the type such as formula 
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Fic. 19 CoMPARISON OF RESISTANCE CuRVES From TEstT 
No. 18 


(41. This is true not only for streamlined equipment, but for 
nonstreamlined equipment as well. In Fig. 20 a comparison of 
curves for a standard locomotive and tender (test No. 28) is made. 
The formula resulting from the test and recommended in the 
New York University report (30) is 

R, = 0.2400V2 + 0.0421V!-%. 


and is represented by the crosses for speeds between 10 and 120 
mph. The curve shown in Fig. 20 is a one-member parabola 


Ra 0.261 1 V2 


The comparison of the two formulas is given in Table 7. 


TABLE 7 COMPARISON OF AIR RESISTANCE FROM FORMULAS 
(12] AND [13] 


Ra from Ra from ; 

Speed formula [12], formula [13], Difference, 
mph lb lb per cent 
10 27 26.1 —3.33 
20 107 104.4 —2.39 
30 239 234.9 -—1.72 
40 423 417.8 -—1.23 
50 659 652.7 —0.96 
60 946 940.0 —0.63 
70 1285 1274.4 —0.83 
80 1676 1671.0 —0.30 
90 2118 2114.9 —0.15 

100 2611 2611.0 0 
110 3156 3159.3 +0.10 
120 3752 3759.8 +0.21 


It seems that the air resistance of a nonstreamlined locomotive 
can be represented by a V? formula better than a streamlined 
locomotive. This can be explained by the fact that the non- 
streamlined locomotive causes more turbulence, which follows the 
V? law, while the streamlined locomotive has more skin friction, 
wh ch follows the law with an exponent of 1.85. In either case 
the V? formula can be used for all practical purposes. 

One remark would not be amiss here in this connection. It 
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No. 28 


should not be thought that because of the admissibility of the V? 
law we could, for establishing the full-scale formulas, expand the 
coefficient from the model tests simply by increasing their values 
in the inverse ratio of the square of the scale, as this is being done 
by some experimenters. It can be easily seen by taking the net 
drag values of test No. 18 as given in Table 4 and multiplying 
them by (16)? = 256, that the figures thus obtained will be 
greater than the values of 2, in Table 6 for corresponding speeds. 
This is because that portion of the air resistance which is due to 
skin friction is then multiplied by 256, while it should be multi- 
plied only by (16)'85 = 169. By using the two-member for- 
mula with two different exponents (2 and 1.85) the scale effect 
was properly corrected, after which the simplification through the 
one-member formula was entirely permissible, as this gave prac- 
tically identical numerical values. 
Thus, all two-member formulas of the type 


R, = + 


derived from the New York University tests (30) have been con- 
verted into one-member V? formulas of the form 


Coefficients K,, K,, K, a, and A for each formula are given in 
Table 1. The maximum errors of this conversion at 30 and 120 
mph are also shown in Table 1 for each test. 

After the admissibility of the V? formula for all practical pur- 
poses has been established, the author*asked Mr. DeBell, who 
was doing the mathematical computations for the committee, 
to try to simplify the formulas not only with respect to speed, 
but also to length, as the author was very much tempted by the 
straight-law hypothesis of Tietjens and Ripley (32) regarding the 
length of trains, both standard and streamlined, and would like, 
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if possible, to follow it. It did not seem feasible, however, to 
discard the exponential functions in the member containing 
length of the trains, and, therefore, formulas on the V? basis, but 
with the exponent in the expression of length, were published by 
the author of this paper and Mr. DeBell in a joint article (35). 

For power-car trains in still air, the following formulas were 
established: 

For cars with open skirts (18 in. from skirt to top of rail) 
shown in Fig. 6 


L 0.8 
R, = | | V? + SKV? 
100 


while for cars with closed skirts (completely under car), also 
shown in Fig. 6, a similar formula was recommended 


1) P "2 VKV2 5 
R, = 0.0020P, + ZAV*. {15} 

In these formulas ?, = perimeter of car from plane of top of 
rails over car to plane of top of rails, ft; L = over-all length of 
train, ft; V = speed of train, mph; and 2K = summation of 
factors (K, + K, ete.) of the various items whose drag depends 
on other dimensions than perimeter and length. The factors K 
will be given later. 

Similar formulas were given in the article (35) for streamlined 
trains pulled by separate locomotives and nonstreamlined 
(standard) trains. 


FURTHER SIMPLIFICATIONS 


It was shown previously under “Analysis of Test Results’’ 
that skin friction is represented by formula [4a] of the V? type. 
The skin-friction drag coefficient C,, however, is variable, as it 
depends on the Reynolds number as indicated by formula [5]. 
If the expression of formula [5] is substituted for C; in formula 
4a] the coefficient for skin-friction resistance becomes constant 
for any Reynolds number, alike for small models and full-size 
Vehicles, but the disadvantage is that the speed is expressed in the 
1.85 power. 


On the basis of our tests we know that on theoretical grounds 


AtrR-RESISTANCE COEFFICIENTS OF STREAMLINED TRAINS 


the full-scale resistance should be expressed by formula [9]. 
Later it was shown that this can, with a great amount of exacti- 
tude, be reduced to a V? formula of the type of formula [4]. The 
error which is being made in this case is negligible, as was 
shown in Figs. 19 and 20 and in Table 1. 

However, if we wish to use formula [4a] and disregard the 
inconvenience of the variation in coefficient C,, we could 
easily do so. The variation in C; is shown in Fig. 19. Reyn- 
olds’ numbers for models, as already stated, fluctuate between 
2,100,000 and 14,250,000, the logarithms of which vary between 
6.322219 and 7.153815. For full-size equipment, Reynolds’ 
numbers vary between 88,200,000 and 304,000,000, of which the 
logarithms are 7.945469 and 8.482874. Thus, it is easily seen 
from Fig. 19 that, while for models C; is represented by the upper 
branch of the curve and fluctuates between 0.0032 and 0.0042, for 
full-size equipment, the skin-friction coefficients fluctuate only be- 
tween 0.0020 and 0.0024; in other words, this variation is not very 
great. The error which would be made by using an average for 
the latter range is still less, because the second member of formula 
{9] is small compared with the first; A, being smaller than K,, 
and V?-8> numerically smaller than V?. At 100 mph V!-85 is 
about 50 per cent of V*. This explains the smallness of error 
when the two-memhker formula [9] is converted into formula 
{4], and this is reflected in Figs. 19 and 20. 

Now, if the skin-friction V? expression, as given in formula 
|4a] should be used with the approximation of coefficient C;, 
the wetted surface of the car wfll be in proportion, of course, to 
the length. Thus, the length should appear in the first power, 
and whatever thecretical justification for having the length in the 
form of an exponential function may be, the error may be com- 
pensated by varying the skin-friction coefficient, when the train- 
resistance coefficient is assumed to follow the straight line. 

On the basis of these speculations and guided by the desire to 
follow the law of proportionality referred to previously, the author 
thought that he should reconsider the exponential curves for 
trains and cars. 

Fig. 21, which shows the two curves for open and closed skirts 
from the DeBell-Lipetz article (35) proves that the major part of 
the dashed curves, where the length of the train consisting of 
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cars alone (without the power car), as tested, comes into play, 
differs very little from the solid-line curves. Both curves and 
straight lines are plotted multiplied by P, = 29.33 ft. Test 
peints for one, two, three, and four cars between the power car 
ond tail are also given. It can be seen that the upper straight 
line represents the test points just as well for cars with open 
skirts as the curved line and, therefore, the author suggests that, 
instead of formula [14] (for open skirts), the following formula 
for fully streamlined power-car trains with open skirts, be used 
R, = (0.00112A, + 0.00136P, a + 2K) V?.. [16] 
where A, = frontal (cross-section) area of the train, sq ft; P, = 
perimeter of cars from plane of top of rails over car to plane of top 
of rails on the other side, ft; ZL. = over-all length of train, including 
the front (power) car, ft; and V = speed of train, mph. The 
values of 2A(Ki, Ko, Ks, ete.) given in that article (35) remain 
unchanged. For Fig. 2 all K’s were supposed to equal 0. 
No drag-test values for trains longer than that shown in Fig. 
2 (410 ft) were observed, and the branch of the exponential curve 
beyond this length, up to 1000 ft, was obtained by extrapolation. 
In other words, there is no good reason why the straight-line 
formula [16] should not be taken as justified by test. Further- 
more, the difference between these and the exponential formulas 
for a train length of 1000 ft, does not exceed 6 per cent; i.e., the 
questionable portions of the curves are not worth considering. 
Likewise, for closed skirts the coefficients of the formula should 
be reduced, and the formula will thus be 


+ 2K)V?... [17] 


= (0.001A, + 0. 
= (0.0014, + 0.00121P, 


The first members of formulas [16] and [17], depending upon 
A,, represent the head resistance, while the second members, 
with P,, are mainly skin-friction resistances. At L = 150 ft, 
these members become zero, and strictly speaking, they are only 
correct if the length of the power car and tail car is the full-size 
length of the tested model, which was 142.2 ft. These members 
should have been thus 0.00136P, (LZ — 142.2/100) and 0.00121P, 
(L — 142.2/100), respectively, but the errors by making them as 
suggested in the above formulas are negligible. 

As the power car with tail car cannot be much shorter than 
150 ft, the formulas can be applied to any power car, rail car, or 
train. If they are shorter, the numerators in formulas [16] and 
[17] become negative. This is correct, because the skin friction 
of the car is less. However, the formulas should not be applied 
to cars shorter than 100 ft. For such, only the first member, with 
A,, should be used. 

Regarding the different corrections K, = K is the summation 
of factors (Ki + Ke + etc.) of the various items of which the 
drag depends on other dimensions than perimeter and length. 
The values of K are: 


K, = factor for the power-car nose shape shown in Fig. 3: 
For nose bluntly streamlined (No. 2) 
K, = +0.000036 X cross-sectional area of nose at 
full section, including trucks in sq ft 
For nose well-streamlined (No. 1) 
Ki = 0 
K: = factor for the tail shape shown in Fig. 5: 
For tail bluntly streamlined (No. 2) 
K, = +0.000061 X cross-sectional area of tail at full 
section, including trucks in sq ft 
For tail well-streamlined (No. 1) 
Ke = 0 
The length of the tail car should be included in the total length 
of the train. 


K; factor for power-car trucks: 
For two faired trucks 
K; = 0 
For two unfaired trucks 
K; = +0.00026 
factor for fairing trailing-car trucks on streamlined trains: 
For faired trucks 
K, = —0.00013 X number of trailing-car trucks 
For unfaired trucks 
Ky = 0 
factor for diaphragm shape: 
For smooth diaphragms 
= 0 
For corrugated diaphragms 
Ks = +0.000037P, X number of diaphragms 
factor for bulge of power car: 
For no bulge (as tested) 
Ke = 0 
For a bulge of good streamline shape 
Ke = +0.00032 X cross-sectional area of bulge in sq 
ft 
For a bulge of relatively poor streamline shape 
Ks = +0.00051 X cross-sectional area of bulge in 
sq ft 


Ka 


Ks 


The streamline-train tests were made with a power car, tail 
car and a number of streamlined coaches. For locomotive 
trains, tests were made with the locomotive and tender alone, 
without tail car, and locomotive with tail car, but always without 
coaches, since streamlined-train data can be used for the resist- 
ance of cars in a locomotive train as established by the foregoing 
formulas. 

Regarding streamlined steam locomotives, values of locomotive 
resistance with different noses, boilers, and shrouds are given in 
Table 1. For practical purposes it is advisable to consider the 
resistance of the best streamlined locomotive as a basis and cor- 
rect this figure, as it was done with the cars of the streamlined 
train, by adding the differences K due to the omission of one or 
another feature of good streamlining. The lowest resistance was 
found for the streamlined locomotive with helmet nose, round-top 
boiler, and long (closed) shroud (test No. 27), namely 


Ra = 0.1275 S 0.000924A, 


where A, is the frontal area of the streamlined locomotive, which 
is 137.98 S 188 sq ft. 


Other locomotive corrections are: 


K; = factor for wheel shrouds on streamline locomotives shown 
in Fig. 7: 
For closed shrouds (all wheels completely enclosed), 
K; = 0 
For open shrouds shown in Fig. 7 (2 ft 2 ft 6 in. in- 
spection openings over the driving-wheel journals), 
K; = +0.0005 X total number of openings 
For short shrouds shown in Fig. 7 (driving wheels and 
tender trucks completely exposed), Kz = +0.0182 
Ks = factor for nose shape on streamline locomotive shown iD 
Fig. 7 and 7A: 
For helmet nose, Ks = 0 
For straight nose, Ks = +0.0021 - 
For round nose, Ks = +0.0026 
K, = factor for boiler shape on streamline locomotive shown 
in Fig. 7: , 
For round top, K, =0 
For cowled top (domes and fittings enclosed in longi- 
tudinal cowl above boiler shroud), Ky = +0.0035 
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On the basis of the foregoing, the formula for a streamlined 
train consisting of cars with open skirts and driven by a stream- 
lined locomotive, can be represented by a formula 


L— 100 
R, = (0.000924A, + 0.00136 P, K)V?.. [18] 
If the streamlined cars of the train have closed skirts. the for- 


mula should be 


L 


— 100 
= (0.009244, + 0.00121 P, + 2 K)V*... 


In formulas [18] and [19], A, is the frontal area of the loco- 
motive. Other notations are the same as before. For coeffici- 
ent 0.000924 see Table 1, test No. 27. 

Similar to what was said regarding formulas [16] and [17], 
the second members in brackets of formulas [18] and [19] have 
the subtrahends in the numerators equal to 100, as a round figure, 
because the length of the tested locomotive and tender was 96 ft, 
and the error is slight, as compared with what we would have had 
if the subtrahends were taken equal to 96. If the locomotive is 
longer, or shorter, the adjustment will be made automatically 
when the correct length of the locomotive will be included in the 
total length L of the train. 

Irrespective of the subtrahends of the members in the brackets, 
100 or 150, the increase of the air-resistance coefficient per 100 
ft of train length is always the same. For streamlined cars with 
open skirts the increase is, according to formula [18] 


[20] 
and for streamlined cars with closed skirts, it is 


The perimeter of streamlined cars P, usually varies between 
28 ft 6 in. and 31 ft 6 in., the average being 30 ft. For our test 
cars, P, was 29.33 ft For open skirts, formula [20] will give at 
P, = 30, or 


0.00136 X 30 = 0.0408 


and formula [21] will give for closed skirts 
0.00121 X 30 = 0.0363 


Thus, a very simple approximate rule can be established for 
air resistance R, of streamlined trains. The rule is 


where K is the general locomotive and train air-resistance coef- 
ficient, equal to the sum of K’s for locomotive and cars, and V is 
the speed, mph. For the locomotive, K should be taken from 
Table 1 (tests Nos. 21-27), depending upon the nature of stream- 
lining. For every 100 ft of the length of cars 0.0408 should be 
added for open skirts, while 0.0363 should be added for closed 
skirts. 

For instance, if we have a train consisting of a locomotive 100 
ft long, with helmet nose, round-top boiler, and short shroud, 
uncovering the drivers, and of four streamlined 70-ft cars with 
open side-sill skirts, the coefficient for the whole train K,, will be 
(from test No. 26) 


K, = 0.1575 + (0.0408 X 2.8) = 0.1575 + 0.1142 = 0.2717 
and the resistance formula is 
R, = 0.2717V? 


If the locomotive is longer than 100 ft and a more accurate 
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figure is desircd the excess length should be added to length of 
the four cars. If there is a bulge between the tender and the 
first car, or if there is a tail car, corrections K should be added or 
deducted, as the case may be. No corrections for locomotive 
noses, boiler tops, or shrouds (Kz, Ks, and Kg) should be made, as 
this is already taken care of in the K of the locomotive in Table 
1. Ifthe perimeter of the cars P, is known, and a more accurate 
figure is desired, the increase in air-resistance coefficient per each 
100 ft of train length can be taken as 0.00136P,, or 0.00121P,, 
for open or closed skirts, respectively. Likewise, if the frontal 
area of the locomotive A, is known, instead of K, a should 
be taken from Table 1 and the locomotive coefficient should be 
figured. Also in this case corrections Kz, Ks, and Ky should be 
disregarded. 

For standard locomotives and trains it was not so easy to find a 
consistent law, probably for the reason that the gaps between the 
cars introduced eddies and turbulence which cannot be repre- 
sented by one formula. Furthermore, it should be said that 
models of standard equipment, which were used at our tests at 
New York University, were of two different scales (!/15 and !/32) 
and the two-member formulas for these equipments, when ex- 
panded to full scale, did not give identical results. This can be 
seen from Fig. 22, where points representing results of tests Nos. 
28 to 35, inclusive, are shown on a chart drawn to a larger scale. 

The method of expanding the test results to full scale, which 
was so helpful for the study of the test results with streamlined 
equipment, was evidently inapplicable to standard equipment. 
The power of 1.85 of the second member in formula [9] probably 
ought to be increased coming closer to 2, which represents turbu- 
lent air flow better than 1.85. In our standard equipment, 
which has air gaps, turbulent flow probably predominates, and 
the extrapolation should be made more in relation to the square 
of the size S,? than S,!-55, 

In view of this, the author again analyzed test sheets Nos. 28 to 
35, inclusive, which pertain to tests with '/;.- and '/3.-scale models 
of the standard locomotive and cars. The fifth column of the test 
sheet», that is, Tables 2, 3, 4, and 5, gives the net drag, from which 
the side skin friction (sixth column) was deducted in order to 
obtain the form pressure, which we know varies directly with 
V?. In view of this speculation, the figures of the seventh 
column (D,) were now divided over the square of the speed and 
the square of the scale size, either V/16 or V/32 and the values of 
D,/V*S? compared. The averages of the values for different 
speeds are shown in Table 8, together with values K and designa- 
tion of models from Table 1. 

Figures of D,/V*S,? from Table 8 are also marked on Fig. 22. 
From what was stated previously, the actual curve of air-resist- 
ance coefficient should lie between these values and the values of 
K. Some of the points do not seem to be very consistent in their 
relation to each other. Therefore, it is impossible to state 
definitely whether for air resistance of cars the straight-line law 
does, or does not, apply. If this inconsistency were discovered 
earlier, we might have repeated the tests with small models, but 
as the object of the tests was not so much to determine the for- 
mulas for standard equipment, as for streamlined railroad equip- 
ment, and as the results, as can be seen from Fig. 22, are very 
close anyway, we have drawn a compromise exponential curve 
which satisfies all test data and is in conformity with theoretical 
speculations referred to previously. 

The curve for the standard cars, shown in Fig. 22, corresponds 
to a formula 


K, = 0.00283p, ( 
coon, 


where P., the perimeter of our test cars, is 37.83 ft, and L, is the 
length of the car portion of the train. 
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TABLE 8 COMPARISON FOR Dp/V?Sc? FOR '/ise- AND '/3-SCALE 
MODELS 


Designation For !/,6-scale model For '/3:-scale model 
of model? ~ “ 
K Dp/(V/16)? K Dp/(V/32)? 
0.2747 0.2547 0.2725 
N.L. + 1 N.C.....0.3420 0.3631 0.3343 0.3612 
N.L. + 2 N.C.....0.4124 0.4400 0.3933 0.4360 
N.L. + 3 N.C.....0.4486 0.4826 0.4593 0.5026 


@ Model designations are the same as in Table 1. 
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In the opinion of the author, either of the two formulas has 
the same justification and he would not recommend the extra- 
polation for longer trains of either of the two until further wind- 
tunnel tests or data from actual tests are available. Formulas 
{25] and [27] have the advantages of being simpler, and in the 
light of the foregoing speculations, these two formulas should be 
given preference. 

CoNncLUSION 


Formulas [16], {17], [18], [19], and [27] are rec- 
ommended by the author of the paper for air resist- 
ance of streamlined, power-car, and locomotive- 


driven trains, and trains of standard cars driven 
by standard locomotives. 


Tests 


The question arises, of eourse, how do all these 


formulas, derived from wind-tunnel tests, agree with 
actual service results. In order to make such a com- 
parison, it would be necessary to have tests in which 
the air-resistance effects would be separated from 


other items of train resistance. Very few tests of 


this kind have, however, been made. 


In the early part of this century high-speed tests 


were made on a special straight piece of track of the 


Military Berlin-Zossen Railway, with electric and 
steam locomotives. The tests were conducted 


Fig. 22 Atr-RESISTANCE COEFFICIENTS OF STANDARD TRAINS 


It is evident from Fig. 22 that a straight line corresponding to 
a formula 


would still be within the region of the quadruple points and, 
according to what was stated previously, could be justified as a 
coefficient for standard car resistance. 

Regarding the intersection of both the curve and straight line 
with the vertical ordinate line corresponding to zero length of 
cars, the first was taken as an average of K’s in Table 8 for loco- 
motive and tender alone, which is K, = 0.266, corresponding to 
a = 0.00194, and the second to K, = 0.274, corresponding to 
a = 0.002, which is very close to the foregoing and is exactly the 
coefficient given by Cole in the Locomotive Handbook (8), p. 20. 

Thus, for standard locomotive and standard cars either of the 
following two formulas can be applied 


0.80 
K = 0.001944; + 0.00283P, [24] 
and 
L, 
K = 0.002A, + 0.00245P, [25] 


where A, = frontal area of the locomotive, sq ft; P, = perime- 
ter of the car from plane of top of rails over car to plane of 
rails on the other side of the track, ft; and L, = length of the 
car portion of the train, ft. 

Therefore, the air resistance of the standard train is 


0.80 
R, = | + 0.00283P, [26] 
or 
L, 
R, = | + 0.00245P, (; [27] 


during the summer months of 1903-1905. The 
maximum speed of these tests was supposed to be 
124 mph but actually speeds up to 128 mph were 
attained. Data of very great value were then secured on the 
question of air resistance. For instance, it was found that if a 
car were running at 50 mph the maximum air pressure at the 
front of the car would be about 7 lb per sq ft, but if the speed 
were doubled, the pressure would be four times as great. When 
the car was properly shaped, the resistance figures were reduced 
(36). 

During these tests hydraulic-pressure (pitot) tubes were 
placed in holes bored at different points in the front wall, as well 
as in the rounded and beveled sides of the car. According to 
these measurements, which have been made up to 93 mph, the 
air resistance satisfied the following formula 


p = 0.002854 V? 


where p = frontal air pressure, lb per sq ft; A = frontal area of 
the locomotive, sq ft; and V = speed of the train, mph (37). 

This formula gives higher results than our formula for stand- 
ard (nonstreamlined) locomotives, found from test No. 28 
(Table 1). 


R, = 0.001906A V? 


Before the Louisiana Purchase Exposition, St. Louis, 1904, 
special electric testing car, “Louisiana,” was constructed for the 
purpose of determining the effect upon the front, the sides and the 
rear of a car when running on tangent level track at high speeds. 
Vestibules were designed and constructed in such a way as to 
permit determining the effect of the shape of the vestibules and 
also to separate the vestibule pressure from the total car-body 
pressure. This was achieved by making the front and back walls 
of the vestibules movable, so that the head-on pressure and suc- 
tion pressure could be directly measured by dynamometers of the 
knife-edge scale type built by Fairbanks, Morse & Company. 
As the electrical input data were known, the separation of the 
total power into its various components was possible. The cat, 
constructed by the J. G. Brill Company, had a car body 32 ft 
long, exclusive of vestibules, and was placed on a 100-ft flat car 
so that the vestibules could move on rollers. 
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Different shapes of vestibules were provided for testing: 
(a) standard, rounded; (6) a special, flat; (c) a special parabolic, 
and (d) a special parabolic-wedge shape. The rear vestibules 
were also made of four different shapes, and they could be inter- 
changed. 

A detailed description and results of the tests were given in the 
report presented by the Electric Railway Test Commission to the 
president of the Louisiana Purchase Exposition (38). Observa- 
tion points were obtained directly up to 55 and 60 mph and later 
extrapolated to 100 mph. The parabolic wedge showed less head- 
on pressure than the parabolic shape; for suction it was reversed. 
The greatest head-on pressures and suctions were received, of 
course, from the standard and flat surfaces. For practical pur- 
poses it was found more advantageous to use the parabolic wedge 
for the front and the parabolic shape for the rear. As compared 
with the standard and flat surfaces, the resistances in lb per sq 
ft were found to be as follows: 


50 mph 100 mph 
Parabolic wedge in front and parabola in the 


Flat in front and in the rear............... 5.97 23.45 
Standard in front and in the rear........... 3.88 17 08 


Thus, the resistances did not follow exactly the V? law, but 
taking into consideration the difficulties in making those tests, the 
influence of friction of the moving parts and other predicaments, 
jt would seem that the general increase of resistance was suffi- 
ciently well in proportion to the square vi ihe speed. The co- 
efficients, although different from ours, «re close and of the same 
order. 

Figures for the power absorbed by the front and rear vestibules 
are also given in the report (38). They are in proportion to the 
cube of the speed, as should have been expected. 

The Berlin-Zossen tests brought about the desire of accelerating 
trains. Steam locomotives on some railrozds had been equipped 
with wind cutters, usually cones on the smokebox. These were 
used on the P.L.M. in France, on the Bavarian Railways in Ger- 
many, in Hungary, and on some other European railtoads. They 
showed a saving of 100 hp® in wind resistance at a speed of 100 
kim per hour (about 62 mph). Nevertheless, streamlining did 
not make much progress in Europe at that time; neither were 
greater results achieved in this country, except only that some 
changes had been made in the shaping of the vestibules on some 
electric cars. It is interesting to note that in the concluding 
chapter, p. 574, of the Electric Railway Test Commission’s Re- 
port (38) the following statement was made: 


“The results of these tests are not only applicable in connection 
with electric cars but they also yield many suggestions regarding 
the construction of steam locomotives and trains. .......... The 
resistance offered to all high-speed steam trains by the air would 
be materially diminished if the locomotive were housed in a shell 
and if pains were taken to remove all unnecessary projections 
from the coaches and, further, if the outline of the tender were 
made to conform to the general cross-sectional shape of the train.”’ 


The suggestion of putting the locomotive in a shell, now called 
a streamlining shroud, had to wait 30 years until it was first 
materialized in the Hiawatha and other steam locomotives, both 
in this country and in Europe.* 

Very interesting tests were recently made by Parmantier on 


_ 'A rather doubtful figure although very often quoted, especially 
in France. 

* In this connection it is interesting to mote that a U. S. Patent, No. 
490,057, was issued to F. U. Adams on January 17, 1893, on Loco- 
motive and Tender Housing. F. U. Adams also published a book in 
1892 on Atmospheric Resistance (39). 


RR-59-4 635 
the French P.L.M. Railway. In 1935 this railway streamlined 
in their shops a 30-year-old 4-4-2 locomotive which they re- 
juvenated by installing a superheater, a feedwater heater, and a 
high-efficiency P.L.M. exhaust nozzle. This engine has since 
been pulling high-speed, lightweight trains in regular service, but 
before putting it in operation, Parmantier made very exhaustive 
tests, with the object of studying streamlining. Before testing, 
this locomotive was calibrated at the new stationary testing plant 
at Vitry, France, together with a nonstreamlined locomotive, by 
determining the power which the two engines were able to deliver 
at 60, 80, 100, 120, and 140 klm per hr with varying throttle and 
cutoffs. The two locomotives were identical, but one of them was 
streamlined and the other was not. For the eventuality that the 
locomotives had different axle frictions, the calibration of power 
of the engine part was made separately for the streamlined and 
nonstreamlined locomotives. 

Afterward the two locomotives were put in service, pulling 
trains of four standard and of four streamlined cars, trying to 
duplicate the performance at the testing plant, and observing the 
variables (speed, cutoff, and opening of the throttle). Thus, the 
power of the standard and streamlined locomotive with standard 
and streamlined cars was ascertained and the gain in power due 
to streamlining noted. The last car of the streamlined train had 
a partly streamlined tail. 

For the streamlined locomotive with the streamlined four-car 
train, the saving in power was found to be represented by a for- 
mula (40) 

P,, = 0.000163V5 


where P,, represents the saving in metric horsepower, and V is 
the speed, klm per hr. In English units this corresponds to 


P, = 0.00067V* 


where P, is the saving in British horsepower and V is the speed, 
mph. 

On the basis of our full-scale simplified formulas, the resistance 
of the French trains should be calculated as follows: A, = 
126.3 sq ft; P. = 32.5 ft; L, = L, + L. = 70 + 300 = 370 
ft; and L, = 300 ft. 

Formula [18] will give, for the streamlined French train 
R, = (0.000924 X 126.3 + 0.00136 X 32.5 X 2.7 + = K)V? 

= (0.1167 + 0.1193 + = K)V? = (0.2360 + = K)V? lb 


Regarding corrections K for the French streamlined train, 
only K:, Ky, and Kg should be considered, namely: 


K, = 0.000061 * 126.3 = +0.0021 
K, = 0.00013 x 8 = —0.0010 
Ks = = +0.0021 

Total = +0.0088 


Thus, K = 0.0088, and the foregoing formula becomes 

R, = (0.2360 + 0.0088)V? = 0.2448V? Ib 

For the standard French train, formula [27] will give 
R, = (0.002 X 126.3 + 0.00245 x 32.5 x 3.0)V? = 0.4914V2 


The saving in air resistance due to streamlining of the whole 
train is 


0.4914V? — 0.2448V? = 0.2466V? lb 
The gain in power will thus be 
0.2466 V? xX V 
= [29] 


375 


This is in very good agreement with formula [28]; in fact, a 
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smaller figure is rather gratifying, for reasons which will be given 
later. Parmantier states that the saving actually amounted to 
450 metric hp at a speed of V = 140 klm per hr, which is equiva- 
lent to 443.8 British hp. Formula [29] gives at 87 mph (140 
klm per hr) 434.6 hp, which is 3.4 per cent less. 

Parmantier also states that the saving in power due to stream- 
lining of the locomotive, which was attached to a nonstreamlined 
train, was 270 hp, while the streamlining of the ears pulled by the 
nonstreamlined locomotive amounted to only 90 hp (41). These 
figures are somewhat inconsistent with the total saving given by 
Parmantier and, therefore, the author is gratified that his (the 
author’s) formulas give smaller saving for the whole train than 
the P.L.M. figure of 450 hp, which may be slightly exaggerated, 
especially when we consider that other experimenters also ob- 
tained lower figures. For instance, the Northern Railway of 
France found that at 140 klm per hr on the new Super-Pacifie 
streamlined locomotive, 170 hp was gained by streamlining the 
locomotive alone, which is less than the P.L.M. figure of 260 hp 
for the locomotive at the same speed. At 150 klm per hr (93.2 
mph) the gain was 200 hp (42). Nordmann also reported figures 
of actual savings on German streamlined locomotives of the 03 
class, and they were also in the neighborhood of 200 hp at 93 
mph (48). 

Very recently the Paris-Orleans-Midi Railway streamlined one 
of the Pacific modified Chapelon locomotives and made tests to 
determine the saving in power. The measuring of the saving was 
made directly by pushing at one time a streamlined and, at an- 
other time, a nonstreamlined locomotive, by an ordinary loco- 
motive and a dynamometer car in between. The difference in 
the pushing efforts in both cases represented the gain due to 
streamlining. 
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Fie. 23. Arr-REsIstTANCE PowEeR CURVES FOR LOCOMOTIVES 


The tests were made in the summer of 1937, and the following 
figures were obtained: 


Gain in British hp 


Speed in klm Actual gain in according to formulas 
per hr British hp of this paper 
90 59.2 67.1 
100 79.0 78.4 
110 103.1 104.3 
120 128.0 135.5 
130 147.6 172.2 


Thus, the agreement at all speeds, except the last, is very good. 
Furthermore, the difference may be due to the fact that the loco- 
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Fic. 24 Arr-REsSISTANCE, POWER AND Economy CURVES FOR 
STREAMLINED AND STANDARD TRAINS 


motive was not fully streamlined. If the gains at all other speeds 
up to 120 klm per hr are correct, the last must be also in the neigh- 
borhood of 170 in order to satisfy the parabolic law. 

All these data tend to prove that the formulas of the paper at 
least for locomotives, cannot be far from the truth. 


SAVING IN PowER 


The advantage of streamlining lies in the saving of power due 
to decreased air resistance. On the basis of the foregoing results 
it is easy to figure the a:aount of saving due to every single im- 
provement in shaping the locomotive and cars. Figs. 23 and 24 
show curves representing the power which can be thus saved by 
streamlining locomotives alone, and locomotives with cars. The 
curves are self-explanatory. For Fig. 24, formula [26] was used 
for the standard train, since this gives a slightly smaller and more 
probable figure for saving. 

A passenger car or a Diesel-power tran, which are totally en- 
closed, can be shaped so as to result in the greatest possible 
power saving. A steam locomotive, unfortunately, has to be 
partly exposed for the accessibility of parts for inspection. In 
the construction of streamlined’ locomotives the two conflicting 
demands of greatest possible saving and accessibility are always 
militating against each other and the actual design is, therefore, 
a compromise between the two. 

Fig. 25 shows the “Hiawatha” locomotive for the Chicago, 
Milwaukee, St. Paul & Pacific, the first streamlined locomotive 
built by the American Locomotive Company, and Fig. 26 shows 
the Gulf, Mobile & Northern streamlined train, the first built by 
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Fic. 29 STREAMLINED 4-6-2 LocoMOTIVE OF THE NORTHERN 
RAILWAY OF FRANCE 


Fic. 30 STREAMLINED 4-6-4 LocoMoTIVE OF THE GERMAN 
REICHSBAHN 


(Fig 31 See page 21) 


Fic. 32. SourTHerRN Paciric 4-8-4 SEMISTREAMLINED LOCOMOTIVE 


Fic. 35 Lonpon, Mrpianp & Scottish STREAMLINED 4-6-2 Locomotive Coronation 
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the American Car & Foundry Company—both on the basis of the 
tests made at the New York University wind tunnel (30). Figs. 
27 to 35, inclusive, show the different ways in which streamlining 
is being accomplished in locomotives of different countries. 
Smoke Tests 

The question of shaping the front part of the boiler and smoke- 
box so as to avoid any interference with carrying away the smoke 
is also a very important problem in streamlining. Some thought 
was given to this question at the time of the wind-tunnel tests 
conducted by the American Locomotive Company. Special 
smoke tests were made to determine the speeds and exhaust pres- 
sures at which the resulting force of the exhaust is sufficient for 
carrying away the smoke. Figs. 36 and 37 are views of models 
taken at different ratios of steam and air velocities. The tested 
arrangement has been incorporated in the “Hiawatha” loco- 
motive and has proved to be very successful in service. 
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Discussion 


Comparative Torque and Horse- 
power Requirements of Standard 
Four-Flute and Spiral-Flute Taps' 


O. W. Boston? W. W. Gitsert.? The results of tests 
similar to those undertaken by the author have long been needed, 
even though some tests have been made by the Germans who 
have been interested in this field of engineering The writers 
hope that this work may be continued to cover other sizes of taps, 
particularly the smaller sizes, which result so frequently in broken 
tools. 

There are a few questions which seem pertinent to a complete 
understanding of the paper as presented. In the fisrt place from 
Fig. 2 of the paper the writers believe that a good average value 
of torque would be of greater value than the maximum torque and 
average horsepower as was used by the author. Undoubtedly, 
the maximum torque, as shown in the upper part of Fig. 2 of 
the paper, is due to the clogging of chips A good average value 
of torque would be about 80 per cent of the maximum indicated. 
The lower part of Fig. 2 of the paper shows the maximum torque 
when cutting cast iron, which appears to be a good value How- 
ever, the writers believe that the horsepower computations 
based on the area under this curve to give a mean height of the 
curve, do not represent values pertinent to the cutting operation 
and that normal maximum values, just as with normal maximum 
torque, should have been used. 

Just below Fig. 4 of the paper the author states that the horse- 
power was computed from the energy in foot-pounds as deter- 
mined from the area of these torque-space cards, when in reality 
this energy in foot-pounds is the average torque for the depth of 
the hole plus the taper of the tap amounting to eight times the 
pitch. The writers believe that this value is not definitely tied 
up with tap performance. This is particularly confusing if one 
wanted to gain an impression of the power required to tap with 
plug or bottoming taps, for which there appears to be no means 
of conversion. 

The influence of the sulphurized oil and the lard oil on the maxi- 
mum torque for various depths of threads and speeds as shown in 
Fig. 3 of the paper, is interesting. These values are replotted in 
Fig. 6 of the paper to show for each depth of thread the maximum 
torque at any speed. The writers would like to inquire if the 
author has any explanation as to why, with lard oil, the torque is 
increased directly with the speed, while the reverse is true when 
the sulphurized oil is used. Also, the torque when tapping with 
sulphurized oil is higher in most cases than when tapping under 
the same conditions with lard oil. The writers have found that 
this is not true when drilling or turning. 

It appears that the legends of Figs. 10 and 11 »f the paper are 
transposed, and that the standard straight-flute tap in the legend 
of Fig. 10 should be spiral tap, whereas the spiral tap in Fig. 11 
should be standard straight. With these changes made, it is seen 
that the data of Fig. 9 of the paper agree with the same data trans- 
posed in Fig. 11 of the paper. 


_' Published as paper MSP-58-11, by Harry L. Daasch, in the 
November, 1936, issue of the A.S.M.E. Transactions. 

? Professor, College of Engineering, University of Michigan, Ann 
Arbor, Mich. Mem. A.S.M.E. 

‘Instructor, College of Engineering, University of Michigan, 
Ann Arbor, Mich. Jun. A.S.M.E. 
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The abscissa of the right-hand portion of Fig. 12 of the paper 
should, it is believed, be from 0 to 500, rather than from 0 to 100, 
as it indicates revolutions per minute rather than depth of thread. 

Referring to Figs. 12 and 13 of the paper when comparing horse- 
power, it is seen that the horsepower for the standard flute tap 
is greater correspondingly than that for the tap with a spiral- 
tip flute. Fig. 12 of the paper shows the value of 0.225 hp for 
the 90 per cent thread at 300 rpm, whereas Fig. 13 of the paper 
gives a corresponding value of 0.180 hp. On the other hand, 
Figs. 7 and 8 of the paper showing the maximum torque, give 
the reverse conclusions in that from Fig 7 the maximum torque 
for a 90 per cent thread at 300 rpm is 0.98 in-lb, whereas in 
Fig. 8 it is 109 in-lb. Possibly this condition is due to the use 
of maximum torque for recording torque, but an average torque 
over the length of hole plus taper of tap for computing horse- 
power. 


Max Kourrern.‘ Although this paper gives an excellent com- 


parison of standard four-flute and spiral-flute taps, the writer 
would like to call to the author’s attention several points in the 
paper which differ from the results of tapping tests published by 
the writer in 1925.5 


These tests® were, as far asthe writer knows 


Fig. 1 Torque-MEasurinG # 
vice Two MgeasurinGCyt- Fie. 2 Device Wirn AXIAL 
INDERS Opposire Each OTHER SprING Bar FOR MEASURING 
ON THE TABLE TorQuE 


the first which investigated the cutting forces of taps in actual 
cutting work. In continuing this discussion it is mentioned that 
some of the figures in this discussion by the writer relate to a 
second series of tapping tests made for N.D.I., but the results 
of which were not published. 


‘Professor of Mechanical Engineering, Head of Workshops, 
Technion, Haifa, Palestine. Mem. A.S.M.E. 

5 “Die Priifung der Gewindebohrer,” by M. Kurrein, Werkstatts- 
technik, vol. 19, September, 1925, pp. 601-619. 
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The writer does not believe that it is 

| correct to measure the torque by the au- 
ca thor’s method shown in Fig. 1 of the 
| paper; the writer uses two measuring cyl- 
j inders opposite each other as shown in Fig. 
| 1 of this discussion in order to measure the 
| pure momentum without an otherwise 


remaining cross force through the axis of 
the table. The axial spring bar shown in 
Fig. 2 of this discussion, which was also 
used by the writer, is still more limited for 
measuring pure momentum. The writer 
considers this very important since in tap- 
ping there is no axial thrust as exists when 
drilling, and consequently the cross force 
tends to throw the table out of alignment 
+ due to the play in the ball bearings. When 
Y.——-.A the exceedingly small depth of tap chips is 
taken into account, which is 0.0025 in. for a 
Ui 1/,-in. tap with four flutes and seven-thread 
Uy, chamfer, the necessity of an absolutely 
: true-running tap and table for measuring 
NY tests will be appreciated. 

For these reasons the writer discarded 
the usual tapping devices and built the spe- 
cial chucking device shown in Fig. 3 of this 


Fie. SPECIAL 


CxuucKING DEVICE Fic. 5 Weser Tap WitTH Sprrat-Tip 
FoR HoupinG Taps FLUTES 
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Fic. 4 Torque DeveLopep UsinG 7/3-IN. WHITWORTH AND 22-Mm 
Metric Taps 


[(a) Curves obtained with a set of three taps. (b) Curves obtained with a 
set of twotaps. (c) Curve obtained using only one tap. | 


discussion. In this device the tap is held with its ground shank in 
a ground cylindrical bushing, thus insuring absolute alignment; 
the tap is driven by a loose driver from its square end. With this 
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Fic. 7 Currinc Secrions or Taps AND Forces ror CvuT 


tap-holding device the writer has succeeded, with taps up t 
23/, in. in diameter, in cutting threads true without double- 
cutting. 

The writer observes from Fig. 2 of the paper that apparently 
the author used standard nut taps (Machinery Handbook, page 
1211) with between six and eight threads in the chamfer. Wher 
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DISCUSSION 


the writer made his tests, such taps were made with 22 threads 
in the chamfer. In making the tests for N.D.I. previously re- 
ferred to, the writer proved that losses due to the long chamfer 
could be eliminated by using ground taps. Figs. 4a, 4b, and 4c of 
this discussion show the results of tapping tests when using three 
taps of a set of three, when using the second and third taps, and 
when using the third tap only. It will be observed from Fig. 4 of 
this discussion that the maximum torque Mdmax remains ap- 
proximately the same, except with the set of three 22-mm metric 
taps. 

The writer appreciates seeing that the results of his tests have 
been proved correct by the author. 

The advantage of using taps with spiral-tip flutes was proved 
in 1927 by tests of Weber taps, one of which is shown in Fig. 5 of 
this discussion. Test diagrams obtained when using but two of 
these taps, shown in Fig. 6 of this discussion and made on the ap- 
paratus shown in Fig. 2 of this discussion, show a gain of {(1211 — 
950)/1211] 100=21 per cent approximately, the gain being the 
result of the new chamfer. The maximum torque shows a gain of 
{(115.5 — 88)/115.5] 100 = 24 per cent, approximately. 

This can readily be explained by the theory of cutting action 
wherein the whole cutting action of the tap and all the work con- 
sumed in cutting is done by the chamfered portion of the tap, the 
fullthreads only guiding the tool. From Fig. 7 of this discussion, 
showing the actual cutting section, the single chip sections, and 
the forces for each cut, it is seen that the broad edge of the cham- 
fered profile, representing the main cutting edge, and the 
short side edges to the right and left of the main edge work to- 
gether as a formed tool. However, since the main direction of the 
cut lies at an angle B to the horizontal (tan B = h/2xd, where h is 
the pitch of the thread), one of the side edges in a straight-flute 
tap does not cut but only scrapes because its breast angle is greater 
than 90 deg. If then the flute in chamfered portion of the tap 
is inclined to the axis of the tap, as shown in Fig. 5 of this dis- 
cussion, thus forming a spiral flute, both side edges will retain 
their proper breast angle and they will act as cutting edges, there- 
by decreasing the torque. For the same reason the formed tool 
for cutting square threads on a lathe is set at right angles to the 
average pitch angle of the thread. 

The writer does not understand why the author developed his 
horsepower diagrams. The characteristic value for the cut which 
governs the size of machine to be used is the maximum torque. 
As the torque varies with the advance of the tap, the integral of 
the work f” Pds is characteristic for the design of the tap. If 
the horsepower is substituted, the abscissas are introduced into 
the ordinates and the characteristic relation (work/speed) be- 
comes obscure. 

The writer is surprised at the remarkable increase of the torque 
With increasing speed as shown by the author. Up until now it 
has been accepted by many engineers as a result of numerous 
turning, drilling, and other cutting tests that the cutting force 
varies but little with the variation of cutting speeds. Still more 
astonishing is the reversing of this variation when using another 
lubricant. The writer believes that the viscosity of the lubricants 
and the increasing temperature at the cutting edge of the tool is 
responsible for this variation. It would have been interesting if 
the author had made comparative tests of the taps without using 
cutting fluid, that is, cutting dry; then the cutting qualities of the 
two tap designs might have been clearer. This could have been 
done by registering the full tapping diagrams and observing the 
friction moment after the first full thread left the underside 
of the test piece. This is the procedure used by the writer in mak- 
ing tapping diagrams of his tests. The ending of the diagram 
thus obtained shows the friction between the tap and the 
thread under actual working conditions, which conditions are very 
complicated in tapping. 
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AvuTHOR’s CLOSURE 


The suggestions of Messrs. Boston and Gilbert relative to the 
maximum torque are reasonable but they obviously result in 
variable answers depending upon the opinion of what might be 
considered “normal maximum.” The author prefers to accept 
the maximum as shown in Fig. 2 of the paper. The maximum so 
defined is the value which eventually determines tap breakage. 
An average torque is obviously secured in the determination of 
the horsepower and the author believes that efforts leading to 
other values than this average and the previously mentioned 
maximum torques will result in confusion and differences of 
opinions without any compensating gains in further understand- 
ing the process. 

The author is firm in the belief that horsepower (the rate of 
doing work) should be reported as in the original paper. Again, 
it is possible to consider the instantaneous rates of doing work 
at various periods of the process. Machine-inertia factors make 
reasonable the use of the average torque in the determination of 
the horsepower. The writer would caution the reader that the 
period of increasing and decreasing torques at the beginning and 
end of the tapping process are dependent upon tap taper and the 
percentage of thread being cut. Unlimited combination of these 
items is possible. The author’s choice of eight times the pitch 
is an effort to secure a standard. The establishment of such 
arbitrary standards is always open to question. 

The author is interested in Professor Kurrein’s description of 
this equipment for measuring tap torque. Professor Kurrein may 
be assured that the author’s dynamometer was entirely adequate, 
sensitive, and accurate for the study reported. Inherent errors 
due to the equipment were found to be less than 1 per cent of 
the variations secured in duplicate tappings of the same metals 
with identical tap and tapping arrangements. 

The author was quite as surprised as were the discussers to ob- 
serve the radical difference in torque trends caused by changes in 
tapping speeds and cutting fluids. Those are items worthy of 
further study. The writer appreciates the explanations advanced 
and he is hopeful that further tests will throw additional light 
on these phases of the problem. 


Development of a Fuel-Injection 
Spark-Ignition Oil Engine’ 


J. M. Kaperty.? The vacuum control for throttle governing 
the A-C oil engine described by the author consists of a spring- 
loaded piston actuating a linkage and a control rod which in turn 
causes the travel of the oil-pump plunger to be increased or de- 
creased as the speed of the engine demands. It appears as 
though this desired controlling could be done as well, or even 
better, and certainly much cheaper by means of a cup-type Syl- 
phon bellows assembly. 

Considering the diagram shown in Fig. 12 of the paper to be 
to scale, the control piston is about 1 in. in diameter. If this 
piston were replaced with a Sylphon bellows of 1'/2 in. outside 
diameter, a larger area would be obtained than that in a cross 
section of the piston. The author does not give the necessary 
travel of the control piston, but if he could arrange his linkage so 
that a 1'/, in. Sylphon could be used with a 3/s-in. or even a !/- 
in. total travel, the writer believes the author could replace his 
present control with an easily attachable cup-type Sylphon as- 
sembly about 2 in. in diameter by about 4 in. long. The length 
of this assembly would depend upon the travel needed. This 

1 Published as paper OGP-59-1, by Nicholas Fodor, in the Janu- 
ary, 1937, issue of the A.S.M.E. Transactions. 


? Assistant Development Engineer, Fulton Sylphon Company, 
Knoxville, Tenn. Jun. A.S.M.E. 
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Sylphon bellows could be housed in a heavy brass cup with only 
one tube connector on the bottom, whereas the author’s present 
design calls for two tube connectors. The Sylphon assembly 
would not be affected by grease or dirt that would accumulate 
on any exposed part of a gas or oil engine. 

Perhaps the author has already considered a bellows control 
and found it unsatisfactory. If this is the case the writer would 
appreciate an explanation as to why it did not prove satisfac- 
tory. 


O. L. Riecets.* The author describes a compromise engine of 
a type well-known and developed in the Scandinavian countries, 
one of which is the Penta-Hesselmann engine. 

The author has referred to Figs. 1 and 2 of the paper as a com- 
parison of the diagrams of the A-C oil engine and a Diesel en- 
gine of similar dimensions. The term Diesel is not justified in 
the explanation of these figures because the diagrams are those 
of Otto-cycle engines of different compression ratios. Com- 
pared with a Diesel diagram of the same mean effective pressure, 
the difference in a crank-effort diagram would doubtless be in 
favor of the Diesel engine. When the author terms one diagram 
shown in Fig. 1 as a Diesel-engine diagram, it is excusable since 
it can be defended on the grounds that practically any of the 
present high-compression oil engines described in literature as 
direct-injection Diesel engines have this particular diagram, and 
are conventionally termed ‘“‘Diesel-cycle engines.” 

The type of engine adopted by Allis-Chalmers for their trac- 
tor is a convenient compromise until the united efforts of the en- 
gineers in this field develop a true direct-injection Diesel engine. 

The spark-ignited oil engine diverges from the general trend of 
simplicity in that it embodies a gasoline-engine ignition system 
as well as a complete fuel-oil injection system, which finally re- 
sults in increased maintenance and service costs. 

The facile conversion of a commercial gasoline engine into a 
spark-ignited oil engine is naturally tempting, but the low com- 
pression ratio and slow flame propagation inherently puts this 
type of engine in the lower over-all efficiency brackets. 

Although the fuel consumption and general results obtained 
by the A-C engine is very fair to engines of this type, the writer 
feels that a precombustion engine designed for a low pressure 
rise (small precombustion chamber and narrow throat opening) 
would be simpler and more efficient. 

Experience indicates, that an oil engine capable of replacing 
the gasoline engine in all kinds of automotive power plants will 
not be obtained before a true direct-injection Diesel engine is de- 
veloped. 

A great amount of intelligent research work has been done in 
the last ten years, and from time to time discloses the behavior 
of combustion under different conditions; the author’s diagram 
analysis is very valuable in this respect. 

The author’s method for controlling the quantity of air in ac- 
cordance with the momentary load is interesting and, as far as 
the writer knows, its applications to oil engines is new. 

The Deco pump described in this paper is a novel and simple 
design, but as is the case with all pumps of this type for individual 
cylinders, its pressure varies as the square of the plunger velocity, 
and therefore is not entirely practical for automotive application. 

As a result of more than 30 years experience on fuel-oil injec- 
tion the writer believes that future research should be concen- 
trated on the development of a gradual injection, whereby the 
~~ 8 Mechanical Engineer, Diesel Engine Development, The Yoder 
Company, Cleveland, Ohio. Mem. A.S.M.E. 
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combustion would be controlled and the injection lag decreased 
to a minimum. Also, for automotive application, a pump sys- 
tem should be developed for delivering the fuel at a constant 
pressure at all times, preferably about 4000 lb per sq in. except 
when stronger penetration is desired which pressure seems to be 
the border line for gain in dispersion. Most probably the best 
solution will be the redesigning of the common rail system, so 
this trustworthy system could be adapted to high-speed engines. 


AvuTHOR’s CLOSURE 


Referring to J. M. Kaderley’s statement that Sylphon bellows 
could have been used for the vacuum control described in the 
paper, the author advises that this matter was discussed with 


the Fulton-Sylphon Company before the use of the piston ar- | 


rangement was decided upon. However, their requirements for 
the satisfactory operation of the bellows was such that it made its 
adaptation impossible. 

If, in O. L. Riegels’ remarks, it is meant that the Allis-Chalmers 
engine and the Hesselman engine are of the same type, he is cor- 
rect, provided his comparison refers to the fuel-injection and 
spark-ignition features of the two engines. However, as pointed 
out in the paper, the creation of the mixture and the combustion 
process proper are entirely different in the two engines. 

Mr. Riegels discusses Figs. 1 and 2 of the paper, which show 
indicator diagrams of the Allis-Chalmers oil engine and a Diesel 
engine of similar dimensions, and he criticizes them mainly on 
the basis that the Diesel-engine diagram resembles the Otto 
cycle too much. However, Mr. Riegels admitted later in his 
discussion that practically all of the present compression-ignition 
oil engines have an indicator diagram as shown in these two 
figures, 

The Allis-Chalmers Manufacturing Company did not build 
the engine described in the paper as a compromise unit to take 
the place of the Diesel engine because it was believed that the 
fuel-injection spark-ignition engine has a field of its own. The 
question has arisen as to whether or not the addition of an ignition 
system to the injection system increased the complexity of the 
Allis-Chalmers engine. The author believes this question has 
been answered by the thousands of users of this type of engine 
who are of the opinion generally that the maintenance, the opera- 
tion, and the length of service obtained from it are at least equal 
to the competitive Diesel engines. 

Mr. Riegels is entirely mistaken when he believes that slow 
flame propagation is inherent with low compression ratios. In 
this respect there is no difference between the fuel-injection 
spark-ignition engine and the gasoline engine. The lower fuel 
economy of the spark-ignition engine is due entirely to the lower 
compression and expansion ratios as compared with those of 4 
Diesel engine. 

The author agrees with Mr. Riegels that there is no oil engine 
at present for automotive purposes having a characteristic of 8 
true direct-injection Diesel engine, and that it will take years for 
the development of a gradual injection whereby the combustion 
will be controlled in accordance with the application of the engine. 
Whether the pump system for such an engine will be of the con- 
stant-pressure type, the author is unable to say at this time. 

Mr. Riegels’ statement that, in the Deco pump the pressure 
varies as the square of the velocity of the pump plunger, is not 


correct, because he did not take into consideration the pressure / 


waves and the elasticity of the fuel, both of which change the | 


pressure rise in the injection system considerably. 
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Design and Operating Problems With 
Gas- and Oil-Fired Boilers for Stand- 
By Steam-Electric Stations’ 


Emit Crevtz.? Mr. Estcourt’s paper on the design and oper- 
ating problems for stand-by steam-electric stations is undoubt- 
edly a most interesting and valuable contribution to the litera- 
ture on this type of plant and the data and information regarding 
the boiler problems of such plants are most helpful. 

In his discussions of the problems, however, Mr. Estcourt, in 
his paper, devotes most of his attention to the problems of boiler 
operation. Also, the plants discussed are confined to those of the 
type in which the turbines are kept in operation between the 
peak-load periods or other conditions which call for capacity 
operation. 

In connection with this problem of operation of stand-by 
plants, it may be of interest to consider the problems involved in 
turbine operation when full load in the shortest possible time is 
required, particularly in the case of plants where the general fac- 
tors governing the operation of the plant make it impractical or 
undesirable to maintain the turbine in operation between the peak- 
load periods or times when the stand-by capacity of the plant is 
required, 

In connection with this phase of stand-by plant operation, the 
double-rotation radial-flow turbine is peculiarly well-suited for 
its ability quickly to pick up load. The masses of this type of 
turbine for a given size are comparatively small and the symmetri- 
cal nature of the blade system, in so far as expansion factors are 
concerned, permits the turbine to be subjected to full steam pres- 
sure and temperature even when the turbine is cold. This ability 
in practice means practically complete elimination of the warm- 
up period as this period is usually thought of, and applies not only 
to turbines of relatively large capacity but also to small ones. 

The 50,000-kw turbine at Viasterfs, Sweden, has been brought 
up to full power from a cold state within 9 min. This starting 
time includes all the necessary provisions for operation such as 
starting of all auxiliary machines, draining of the steam system 
and obtaining full vacuum. This turbine can be brought up to 
full-speed operation in only two minutes from the time the re- 
quired vacuum is attained. 

A 37,500-kw unit of this type installed in England is guaran- 
teed to come to full operating speed and load from a standing cold 
state in 8 min. 

As reported by Mr. Gustavsson in Teknisk Tidskrift for 
December 16, 1933, the 20/30,000-kw turbine in the Vartan 
Power Station of the Stockholm Electricity Works is brought from 
a cold state to full speed of operation in 2 min without any pre- 
liminary preheating but after obtaining the required vacuum. 

According to a Swedish manufacturer, this type of turbine may 
in general be counted upon to pick up full load from a cold state 
in 5 min, this applying to all designs up to 14,000 kw. 


Davin P. Granam.*? Mr. Estcourt has prepared a valuable 
paper that will continue to be useful whenever variable-load pos- 
sibilities are under consideration. The range in steam output ob- 
tained with both gas and oil is remarkable, especially when it is 
remembered that the original design did not contemplate the pos- 
sibility of stand-by service. 

The method of oil-burner operation used to obtain the extreme 
burner-capacity range is sometimes known as “constant differen- 
tial control.” One way of accomplishing these results with the 

' Published as paper FSP-59-1, by V. F. Estcourt in the February, 
1937, issue of the A.S.M.E. Transactions. 


* Combustion Engineering Co., New York, N. Y. 
* Peabody Engineering Corporation, New York, N. Y. 


type of burner used in the tests is in the manner illustrated in 
the paper. Another way, which for some plants would be simpler 
and less expensive, is shown in the accompanying Fig. 1. 

A simple differential pressure valve, without stuffing boxes, is 
located in the oil-supply line to a boiler and the diaphragm is also 
exposed to the pressure in the oil-return line. As the control- 
valve position is varied with steam demand the differential valve 
automatically varies the oil pressure at the burner inlet by a like 
amount. 
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Such extreme oil-burner capacity ranges are also obtainable 
with burners of much higher capacity, i.e., 2 to 3 tons of oil per 
hr. The capacity range becomes of more and more importance as 
the burner capacity is increased. As an example, one large 
boiler is fired by several high-capacity oil burners of this type 
which operate up to 4400 Ib of oil per burner per hr during the 
day and down to 500 lb of oil per burner per hr during the 
night. The entire range is covered with the same burners, same 
tips and all parts in service, and by the use of a single control 
valve. 


R. P. Moore.‘ The designers of steam-electric stations should 
appreciate the data presented in Mr. Estcourt’s paper. His ex- 
perience and the ideas resulting therefrom should be given 
thorough consideration in any modern design. One or two points 
deserve further emphasis. Mr. Estcourt reports incidents within 
his knowledge in which plants designed for peak load have gone 
on base load and vice versa. These reversals are not limited to 
his part of the country. Increasing numbers of interconnections 
between hydro and steam have made similar situations quite 
common, so that even though the evidence may be conclusive 
that a steam station is to operate on one type of load or another, 
the design should be such that extreme range and flexibility are 
included. 

According to Mr. Estcourt’s paper he has not experienced any 
difficulty with boiler “swell.” Apparently, in the cases he men- 
tions, this places no limitation on the rate of pickup of load. It 
is possible, however, that rapid pickup may cause so much 
swell as to result in serious water carry-over. The minimum level 


‘ Buffalo-Niagara Electric Corp., Buffalo, N. Y. Mem. A.S.M.E. 
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ADDITION TO TABLE 4 OF PAPER 


Total boiler Proportion 


Initial Turbine storage at Capacity from of max 
boiler-drum : water rate normal storage for turbine 
pressure, Maximum at 10% max operating 20% pressure capacity 
lb per sqin. capacity, capacity, temperature, drop per min, from storage 
Plant gage kw lb per kwhr Ib cw per cent 
Huntley No. 2. 450 160,000 12.5 788,000 118,600 74.0 
ADDITION TO TABLE 5 OF PAPER 
Operating 
Operating tempera- Maximum Turbine Ratio 
pressure ture at installed water rate Maximum installed boiler to 
at turbine turbine turbine at max —boiler capacity— turbine 
throttle, throttle, capacity, capacity 1000 Ib Equiv capacity, 
Plant Ibpersqin. F kw lb per kwhr per hr kw col 7/col 4 
Huntley No.2 425 756 160,000 10.04 2240 224,000 1.40 


of “5 inches in the gage glass’’ which Mr. Estcourt specifies, 
might have to be reduced in some designs, which, of course, is a 
compromise between ability to pick up load and the danger of 
carry-over. This point deserves further study. 

It may be of interest to add the figures for C. R. Huntley 
Station No. 2 to Mr. Escourt’s Tables 4 and 5. Charles R. 
Huntley Station No. 2 is operated by the Buffalo-Niagara Elec- 
tric Corporation which is part of the Niagara-Hudson System. 
It contains two 80,000-kw 1800-rpm turbogenerators and four 
560,000-lb per hour boilers. 

It is to be noted that Huntley No. 2 exceeds Mr. Estcourt’s 
minimum ratio-of-boiler-to-turbine capacity of 1.35. The column 
headed “‘Capacity from storage for a 20 per cent pressure drop 
per minute” apparently takes account of heat stored in the water 
only, whereas the steel and the setting would add materially to 
this figure. The figures probably are comparable, however, and 
in fact the heat absorbed from the steel and the setting tends to be 
offset by that absorbed by the turbine bleeder-heater system as 
pointed out by Mr. Estcourt. His system of comparison, as 
shown by Tables 4 and 5, does not take into account the possible 
limitation on load pickup due to swell. 


AUTHOR’s CLOSURE 


With reference to Mr. Graham’s description of the method of 
“constant differential control’ for increasing the range of Pea- 
body oil burners, it should perhaps be pointed out that, while it 
is true a much wider range of oil-burner operation may be ob- 
tained by maintaining a constant differential between the supply 
and return pressures, the best results are not necessarily realized 
by holding this differential constant over the entire load range. 
For example, on the installation described by the author, the 
control was adjusted to give a slightly greater differential at ex- 
tremely light loads, as shown in Fig. 6 of the paper, because some- 
what better combustion (with practically no carbon deposit on 
the furnace floor) was obtained in this manner. Increasing the 
differential at maximum loads has also been considered in order 
to widen the flame-angle and shorten the length of the flame 
under these extreme conditions, thus reducing flame-impingement 
on the rear wall when excess air is held at a minimum. 


Mr. Moore’s observations regarding boiler “‘swell”’ are interest- 
ing. It is true that this problem is entirely absent in the case of 
the 1400-lb boilers described in the paper in the tests at plant A. 
However, in the plants referred to in the paper which operate 
at or below 450 lb per sq in., it was not the author’s intention to 
convey the impression that no difficulties in this connection had 
been encountered. At these pressures, the problem cannot be 
overlooked even though careful operation may in some cases be 
all that is required in order to avoid trouble, The minimum 
water level of 5 in., specified in item f on page 15 of the pub- 
lished paper,! was intended to apply specifically to the boilers 
used in the tests described in connection with plant B. It 
was not offered as a general rule which could be counted upon 
as satisfactory for other installations. 

The boilers operating at 425 lb per sq in. in plant D are pro- 
vided with an additional “dry drum”’ located directly above the 
main steam drum. A special separator in the former serves to 
reduce carry-over to a minimum. However, as shown in Table 
5 of the paper, column 8, both plants C and D, at present have 
so much excess boiler capacity that the demand upon the boilers 
is relatively small even in the event of a full-load pickup on the 
turbine, thus minimizing the difficulties from ‘‘swell’’ and carry- 
over. 

However, contemplated future additions to capacity will 
materially reduce this excessive reserve boiler capacity. Even 
under the present favorable conditions of plant D, carry-over 
is not entirely absent during sudden demands for full load on 
the turbine. Plant C, on the other hand, has for various 
reasons only operated on a restricted load-pickup schedule; 
therefore, no data are available as to its performance during 4 
sudden demand for full load. 

These facts serve to bring out one of the advantages of higher 
operating pressures for the type of stand-by operation discussed 
in the paper. Actual operating experience with both low- and 
high-pressure boilers leads to the conclusion that the choice of 
pressures for any contemplated new installation, intended for 
stand-by operation during all or part of the year, should be seri- 
ously influenced by the knowledge of the operating advantages 
known to exist in favor of the higher pressure. 
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This paper discusses in some detail the secondary terms 
which, as explained in a previous paper? by the author, 
occur in the expressions for the rotations in pipe bends 
under the action of couples normal to their plane. Re- 
vised formulas for the reaction couples and forces at the 
anchorages are given, comprising all the secondary terms 
throughout. The numerical results, when these formulas 
are applied, are recorded. The effect of omitting all sec- 
ondary terms throughout the calculation is considered at 


length. 


HIS PAPER discusses in some detail the secondary terms 
"Leics, as the author explained in a previous paper,? occur in 

the expressions for the rotations in pipe bends under the 
action of couples normal to their plane. For the sake of easy 
reference, Fig. 6 of the previous paper is reproduced in this present 
paper as Fig. 1. The nomenclature used in this paper is the same 
as that used in the previous paper.” 


SECONDARY RotTaTIONs 


It was explained in cases IT and III of the previous paper? that 
when a quarter bend, which is fixed at one end O and free at the 
other end A (as shown in Figs. 3 and 4 of the previous paper’), is 
subjected to a constant couple M normal to the plane of the bend, 
there will be produced at A two rotations, a primary rotation, 
in the same direction as the couple, expressed as 


and a secondary rotation, at right angles to the primary, expressed 
as 


‘ Professor Emeritus, Massachusetts Institute of Technology. 
Mem. A.S.M.E. Professor Hovgaard was graduated from the Danish 
Naval College in 1879 with the rank of sublieutenant and from the 
Royal Naval College, Eng., in 1886. From 1888 to 1900 he served 
at the Royal Dockyard, Copenhagen, Denmark, alternating with 
sea duty as a naval officer except for a period between 1895 and 1897 
when he was manager of the Burmeister and Wain shipyard, Copen- 
hagen, in charge of design and construction of the Imperial Russian 
yacht Standart and other vessels. From 1901 until 1933 Professor 
Hovgaard was in charge of the course of Naval Construction at 
Massachusetts Institute of Technology. He was in the technical ser- 
vice of the U. S. Bureau of Construction and Repair in 1917 and 1918, 
and served as consultant in the same Bureau from 1919 to 1926. Pro- 
fessor Hovgaard also served on government committees concerning 
the Navy airship Shenandoah and the Army airship RS-1. 

> “Stresses in Three-Dimensional Pipe Bends,’’ by William Hov- 
gaard, Trans. A.S.M.E., vol. 57, 1935, paper FSP-57-12, pp. 401-416. 

Contributed by the Power Division for presentation at the Annual 

eeting of Tae AmeRIcAN SocteTy oF MECHANICAL ENGINEERS, to 
be held in New York, N. Y., December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1938, for publication at alater date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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Further Studies of Three-Dimensional 
Pipe Bends 


By WILLIAM HOVGAARD,' BROOKLYN, N. Y. 


The ratio existing between these rotations is as 12 is to 1. 

When the couple is variable, as in cases I and IV of the previous 
paper,? where a force is acting at one end of the bend normal to 
its plane, there will be produced similar secondary rotations, but 
this fact was not explained in the previous paper.? In order to 
bring this out, consider case IV, as shown in Fig. 2, where a force 
F acts upward in the Z-direction at the origin O. Instead of 
starting, as in the previous paper,? from the bending and twisting 
couples M, and M,, we first write the couples 


M, = —FR sin y } 
M, = — cos 


Dealing first with M,, and resolving along the tangent and nor- 
mal at any point S, we have 
M,, = —FR sin ¥ cos y 
M,, = —FR sin 


R+36.3" | 


H= 145.2" 
Ly 2108.9" 


Fie. 1 


from which the rotations due to bending and twisting produced 
by M, are determined. Now the primary and secondary com- 
ponent rotations can be found by again resolving in the X- and 


Y-directions. Integrating for the whole bend, the primary or 


X-rotation at A is 


EI Jo EI 


[5] 
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TABLE 1 COEFFICIENTS FOR PRIMARY AND SECONDARY ROTATIONS AND DISPLACEMENT 
IN QUARTER BENDS? 


— Case I —~ ——Case II-——. ——Case III—~ Case IV 
Mz = FR My = —FR z= y= Mz =—FR My = FR 
(1 — sin y) sin Total const Total const Total sing (l1—cosy) Total 
Agz +0.606 —0.100 +0.506 +1.806 +1.806 +0.150 +0.150 —1.200 +0.050 —1.150 
+0.050 —1.200 —0.150 40.150 +0.150 +1.806 +1.806 —0.100 +0.606 +0.506 
 +0.368 +0.041) +1.330 +0.606 +0.050 —0.238 +0.009) —0.476 
—0.082 +0.506 Pe 150 \ +0.068 
—0.041 +0.9627 +1.248 —0.100 —1.200 +0.059 —0.2387 —0.408 


® Case numbers in this table refer to cases given in the author's previous paper.? 


x 
2 
and the secondary or Y-rotation is 

FR: FR? 

Agya ET Jo (sin? y cos y —1.3 sin? y cos y)dy = —0.1 EI 
.. [6] 


Proceeding in the same manner for M,, the primary or Y-rota- 
tion is 


FR? 
Agya = +0.606 zr [7] 
and the secondary or X-rotation is 
FR? 
= +0.050 [8] 


It is seen that also in this case the primary and secondary rota- 
tions bear to each other the same ratio of 12 to 1 as in case of the 
constant couples. 

For each one of the four types of rotation previously deter- 
mined there is a corresponding displacement Az, normal to the 
bend. 

Due to the primary rotation caused by M, we have the dis- 
placement 


FR‘ 


= — 0.238 — 


while the secondary or Y-rotation caused by M, produces a dis- 
placement 


— cos (sin? cos —1.3 sin? y cos 
EI Jo 


Azya 


EI 


Similarly it is found that M, produces a primary displacement 


FR’ 
At, = — 0.288 {11} 
and a secondary displacement 
FR’ 


The rotations and displacements are summarized in Table 1, 
giving the values of the coefficients not only for case IV but also 
for cases I, II, and III. It is easy in this table to distinguish the 
secondary terms, which, except for the displacements, are equal 
to one twelfth of the primary terms. 

In the previous paper,? the secondary terms due to the con- 
stant couples, where the coefficient is 0.150, were omitted in the 
rotations, while the secondary terms due to the variable couples 
were included. In the displacements all secondaries, whatever 
their origin, were included. It was proposed eventually to cor- 
rect for this approximation by a recalculation. This method 
simplified the algebraic solutions and the computations some- 
what, but it is admitted that it was somewhat arbitrary and that 
it leaves a feeling of uncertainty. 

Now, it has been found by further study and several numerical 
calculations, that the increased computations, by including all 
secondaries for the rotations and the displacements in Equations 
[25] to [30], inclusive, of the previous paper,? is much smaller than 
first believed; therefore, it seems better to use the complete equa- 
tions rather than a mixed procedure. These equations are given 
in the following; the omission of all secondaries will be dealt with 
separately. 

REVISED FoRMULAS 

The Equations here given include not only all the secondaries 
and all the corrections explained in the author’s closure in the 
discussion’ of the previous paper,’ but in addition the following 
integral in the X-displacement, which was inadvertently omitted 
in the paper 


R+Lz 1 
+ T(Moy + Nz)dz = T(L,Mo, + 5 + RL.N) 
a 
(13) 


Complete Formulas for Rotations and Displacements. 
tion, Equation [25] of the previous paper? 


2 Discussion of the paper ‘Stresses in Three-Dimensional Pip ; 
Bends,” by William Hovgaard, Trans. A.S.M.E., vol. 58, July, 1936 © 
pp. 391-400. q 
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FUELS AND STEAM POWER 


(3.612 R + 1.30 L, + Ly + L,)Mo, + 0.150 RMoy 

+ 0.150 RMo, + 0.150 RHP + [472 — (0.150 — 0.006) R? 

— 0.150 RL,JQ — [ZL,? + 1.806(L, + H)R + 1.150 R? 


Y-rotation, Equation [26] of the previous paper? 


+ 0.150 RMo, + (1.806 R + 1.571 KR + L, + 1.30 L, + L,) 
Mo, — (0.571 KR? + 37? — 3R*)P 4. (0.506 R? + 2.571 KR? 
+ RL, + 1.571 KRL, + $L,? + LL,— 0.150 RL,)N = 0. [15] 


Z-rotation, Equation [27] of the previous paper? 


40.150 RMo, + (1.806 R + 1.571 KR+L, + L, +1.30L,)Mo, 
+ (KR? + 1.571 KRL, + 1.806 RH + $L,? + HL, + 1.30 HL,)P 
— (2.956 R* + 0.571 KR? + 2.806 RL, + $L,? + 1.30 LL, 


X-displacement, Equation [28] of the previous paper? 


+0.150 RTMo, + (1.30 L,T + 1.806 RT + 1.571 KL,R + 

TL, + KR? + $L,2)Mo, — (AL, + 0.571 KR? —- $L,2) Mo, — 
(ZHL,? + 0.571 KL,R? + 0.430 + 379 + + 0.571 KL,R? 
—4L,'— 3TR)P + 0.071 + (0.506 

+ KL,R? + 2.571 KL,R? + 1.50 KR + 1.571 KL,L,R + 4TL,2 
+ RL,T + $LL,2 — 0.150 RTL,)N = El Ary........... [17] 


Y-displacement, Equation [29] of the previous paper? 


— (TL, + 3.612 L,R + 2.956 R? + 1.30 TL, + $L,2)Mo, 
— 0.150 RTMy, + (LL, + $LL, + 1.571 KRL + 0.506 R? 
— 0.571 KR* — 0.150 RL,)Mo, + ($LL,? + $HL,* + HL,R 
+ 1.571 KRLL, + KLR? — 0.150 HRL,— }KHR? + 0.506 HR? 
— 0.071 KR*L,)P — (§Lz* + 1.506 + RL,* + 0.571 KLR? 
+ 0.914 R? + + 0.356 + — 0.150 RL,L, 
— 0.356 KR)Q + [}7L,? + 1.806 TRL, + 1.150 R? (T + H) 
+ 1.806 RHL, + 1.30 THL, + $HL,*| N = El Ayg...... [18] 


Z-displacement, Equation [30] of the previous paper? 
(HL, + 0.3856 R® — $L,* — 0.150 L,R) Moz — (1.30 LL, 
+2.956 R? + 2.806 RL, + $L,? + 0.571 KR?) Mo, + 0.071 KR*P 


— (SHL,? + 0.914 + 4LL,2 + 1.506 + 0.785 KR® 
+ 0.571 KR*L, + 0.656 — $L,* — — 0.150 LL,R)N 


Numerical A pplication of the Formulas. Applying Equations 
[14] to [19] inclusive, to the same pipe line used in the previous 
paper,* that is, Fig. 1 of this paper, the equations for the reaction 
forces and the reaction couples at O become 


327.5 Mo, + 5.445 Mo, + 5.445 Mo, + 790.5 P + 2604 Q 


5.445 Mo, + 414.5 Mo, — 4053 P + 18,877P =0......... [21] 
5.445 Mo, + 394.2 Mo, + 45,620 P — 15,660 Q — 790.5 N = 0 


421.0 Mo; + 27,990 Mo, —— 11,600 Mo, ses 777,850 P + 7780 Q 


22,120 Mo, — 421.0 Mo, + 26,600 Mp, + 2,611,300 P 
— 369,450 Q + 2,380,500 N = 755.2 X 10%............. [24] 


FSP-59-13 649 


10,150 Mo, — 25,220 My, + 7780 P — 776,100 N = 397.8 x 108 


From Equations [21], [22], and [25] it is easy to obtain expres- 
sions for Mp,, Mo,,and Mo, in terms of P, Q, and N, and by substi- 
tution in Equations [20], [23], and [24] three equations are ob- 
tained from which the forces can be found. 

The resulting solution is 


P = 1,726.0 lb Moz = + 54,715 in-lb 
Q = 1,815.0 Ib Mo, = — 12,608 in-Ib 
N = 681.7 lb Mo, = —127,162 in-lb 


OMISSION OF ALL SECONDARY TERMS 


It is of interest to investigate whether it is permissible entirely 
to omit all secondary terms, both those that are produced by 
constant couples and those produced by variable couples, since 
thereby the mathematical treatment is simplified and an appreci- 
able amount of labor is saved in computation. 

An attempt has been made by the author to evaluate the error 
involved by this approximation, but although so far a complete 
or quite general solution of this problem has not been obtained, 
it is believed that some light can be thrown on it. 

One line of approach is to study the effect of a small local rota- 
tion in a straight pipe line. 


Consider a straight pipe OA, shown in Fig. 3, of length L = a 
+6. Suppose that a small rotation Ag takes place at any point S 
under the action of a couple M,, causing reactions at the ends O 
and A. 

If the pipe is hinged at the ends, there will be equal reaction 
forces +P and —P at O and A, respectively, but no couples, and 
the point S, where M, is applied, will move up or down. The 
reactions P will be inversely proportional to L. 

If the pipe is fixed at both ends, as assumed in the present case, 
there will again be equal reaction forces +P and —P at O and A, 
respectively, and S will move up or down, but at the same time 
reaction couples Mg and M, will be created. By the ordinary 
method of deflection the following values of these reactions are 
obtained. 


6L 

(b? — ab — 2a?) L 

Mo a(a® + [27] 

M 

2b? —a’)L 


b(a* + 


It will be seen that for a given rotation Ag and for any given 
ratio between a and b, the reaction forces P are inversely propor- 
tional to the square of the length of the pipe, and the terminal 
reaction couples, as well as the couple M, at the point of disturb- 
ance, are inversely proportional to the length of the pipe to the 
first power. 


— 
| | 
S 
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The expressions for the couples are of the form 


where c is a dimensionless coefficient. Fig. 4 gives curves for c 
and hence for My and M ,, for different locations of S. Suppose 
S to travel from O toward A, then Mo starts at infinity, but falls 
off rapidly, and at one tenth of L from O, the factor c is about 10. 
At about one third of L from O, the couple My becomes zero and 
changes sign. Thereafter it remains negative and of moderate 
amount. At A the value of C is —2. 
The curve for M, is the same as for Mg reversed. 


0 


© Values of c 


Fie. 4 


In practice, secondary rotations are always insignificant close 
to the anchorages; the maxima are reached at the end of the 
bends. 

It seems obvious from this that in long pipe lines the omission 
of a small rotation will not in general influence appreciably the 
calculated reactions at the terminals. If, however, a bend were 
fitted close to an anchorage in a short pipe line, a small error in 
the rotation of the end of the bend would cause a relatively great 
error in the corresponding reaction couple at the nearest anchor- 
age and it is of interest to examine this case more closely. 

Referring to the numerical example in the previous paper? and 
using the corrected figures given in this present paper, consider 
the secondary rotation due to the Mz-couple at the point D in the 
first bend of Fig. 1. The total secondary rotation due to the 
combined effect of the constant and variable part of M, at D 
(cases II and IV) is 

NR? 


R 
Ag, = 0.150 (Mo. — NL,) = — 0.1 


= —201 
EI 201 XK 10 [31] 


The omission of this rotation may be regarded as a disturbance, 
which is imagined to be annulled by a couple Mo,’ at O, given by 
the equation 


Mo,’ 
— 201 X 10 = (1.806 + 1.30L,)....... 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


With the values given in the previous paper,’ we find Mo,’ = 
—773 in-lb; but actually a part of this couple would be taken at 
A. 

In view of the fact that the resultant terminal couple is of the 
order of 140,000 in-lb, the effect of omitting the secondary rota- 
tion is negligible in this case. 

The worst condition is where there are no tangents. Applied 
to the present case this would make L, = 0, and we find Ay, = 
270 X 10~* and then, since the torsion of the straight part L, is 
omitted, Mo,’ = 3280 in-lb, which is still moderate. Actually, 
the pipe would then consist of two quarter bends only, but the 
second or EF-quadrant would yield to this rotation with much 
less effort by bending in its own plane, so that the reaction couple 
would again be relatively small. This is a special case of the 
more general one where there are three bends at right angies to 
one another. Here, the secondary in any one bend will always 
be largely absorbed as a primary rotation in one of the other 
bends, which is in the plane of rotation where the flexibility factor 
K is applied. 

In order to throw further light on the problem, complete nu- 
merical calculations were made for several pipe lines of the type 
shown in Fig. 1, comprising two quarter bends of given radius and 
three tangents, but the length of the tangents was varied. The 
pipe as given in Fig. 1 represented an intermediate case, and calcu- 
lations were made for two extreme cases, one where the pipe con- 
sisted of only the two quarter bends without tangents and an- 
other where the tangents were ten times as long as given in Fig. 1. 

In all cases one calculation was made in which all secondary terms 
were included, referred to in the following as the “‘exact’’ solu- 
tion, and another in which all the secondary terms were omitted, 
referred to as the “approximate’”’ solution. 

Table 2 gives the resulting component forces and couples at 0 
as well as the percentage errors by omitting the secondary terms 
in the three cases. Other intermediate cases were investigated 
and gave essentially the same results. 

The work was carried out largely under the supervision of 
Henry C. E. Meyer, chief engineer of Gibbs & Cox, Inc., by two 
of his assistants, Alan Osbourne and Horace L. Bickford. 

It is seen from Table 2 that the errors by the approximate 
method in the cases here studied are on the whole small, bearing 
in mind that high percentage differences are of importance only 
where the numerical quantities are great. For instance, the error 
of 47 per cent, which occurs in the bend with long tangents for 
Mo,, stands numerically for a difference of only about 200 in- 
lb in the reaction couple. The errors in the maximum couples in 
the double quarter bend and in the intermediate case are less than 
0.5 per cent. The greatest numerical error is in Mo, for the 
double quarter bend, where the difference is about 8000 in-lb, but 
this is only 1.7 per cent of the total resultant reaction couple at 0. 

On the whole it appears permissible to omit all the secondary 
terms, but it may be advisable in certain cases to make a rough 
calculation of the errors involved. 


TABLE 2 EFFECT OF OMITTING ALL SECONDARY TERMS 


Double quarter bends, no 


tangents Intermediate case, Fig. 1 Long tangents 
Differ- Differ- Differ- 
Approxi- ence, Approxi- ence, Approxi- _— ence, 
Exact mate per cent Exact mate percent Exact mate per cent 
Ps seshuowes 23292 23153 0.60 1726.0 1731 0.3 37 37 0 
USS eee 9017 8912 1.20 1815.0 1821 0.3 93 92 | 
8967 8899 0.80 631 643 «1.8 17 17 0 
Moz, 222395 214465 3.60 54715.0 55017 9940 9342 6.0 
MoOy,in-lb....... —186356 —184490 1.00 —12608.0 —13487 7.0 —415 —610 47.0 
MOs, in-lb....... —379747 —378798 0.25 —127162.0 —127717 0.4 —16645 —16358 
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Air Chambers for Discharge Pipes 


By LORENZO ALLIEVI,? ROME, ITALY 


The author discusses the application of the general 
formulas of perturbed flow to the functioning of air cham- 
bers connected into discharge pipes. The law of oscilla- 
tion of pressure rises and falls after the sudden stopping 
of the power actuating the pump is fully investigated. 
This law is expressed by an interlocked system of relations, 
each of which ties together three consecutive values of the 
pressure at intervals of phase, and are functions of a single 
parameter representing the ratio of the potential elastic 
energy of the air chamber and potential elastic energy 
of the piping. 

This pendular system of finite differences is further in- 
vestigated and modified with a view to giving consideration 
to the frictional resistance of the liquid, and it is found 
that (except for small discharges) it is not proper to neglect 
the influence of such resistance on the damping of the 
superpressures resulting from the sudden cessation of 
power, unless the volume of the chamber exceeds practical 
limits. 

Finally, by means of approximate energy balances, ex- 
tremely simple rules are found for the selection of the 
dimensions of the chamber and for the increased co- 
efficient of friction of the descending flow. 


N AN earlier study,* based on the formulas of perturbed 

hydraulic motion, the author investigated the problem of the 

arresting of an ascending liquid column, such as would occur 
in the discharge pipe of a pump in the case of a sudden stoppage 
of power. In that study the author examined an arrangement 
to limit the induced superpressures by means of a flywheel, the 
kinetic energy of which suffices to secure the safe functioning 
of the pump during the progressive closure of the influx open- 
ing. 


' Translated from the Italian by E. E. Halmos, Chief Engineer, 
Parsons, Klapp, Brinckerhoff and Douglas, Neville Building, North 
Platte, Neb. 

? Signor Allievi, honorary member A:S.M.E., has been active 
in engineering work in Italy for many years, but is best known for his 
basic contributions to the theory of water hammer. In 1903 he 
published his first notes on ‘‘Water-Hammer Theory”’ and later, 
in 1913, added to the original treatise. These two works first ap- 
peared in Italian and were promptly translated into German and 
French. In 1925 E. E. Halmos completed the translation into 
English. These basic contributions are the foundation for prac- 
tically all of the water-hammer studies which have been made 
throughout the world since that time and over 100 articles have been 
published based upon them. Signor Allievi has contributed other 
studies on water hammer from time to time. It is evident that 
much of the development ard progress in the design of hydroelectric 
plants, water works, and other types of engineering structures in 
which liquids are handled has been aided greatly by a knowledge 
of the basic theory of surges 25 developed by him. 

*“L'Elettroteenica,” October 25, 1934. 

Contributed by the Hydraulic Division, for presentation at the 
Second Water-Hammer Symposium in cooperation with the American 
Society of Civil Engineers and the American Water Works Associa- 
tion, at the Annual Meeting of Taz AMERICAN SocteTy or MEcHANI- 
a to be held in New York, N. Y., December 6-10, 

OT 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

OTE: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Another arrangement, based on the utilization of the ac- 
cumulated energy—not kinetic, but potential—came recently 
into use and is met with favor by engineers; this arrangement 
is the air chamber. 

The object of the present study is the rigorous investigation— 
based on the formulas of perturbed hydraulic motion—of the 
problem of air chambers, their functioning as related to liquid 
friction and the determination of their volume, and of the addi- 
tional frictional resistance required to insure their efficiency. 

The problem, so formulated, until now received only a vague 
and insufficient solution, particularly because the authors of 
preceding studies systematically neglected the consideration of 
the potential energy of the pipe line as compared to the analo- 
gous energy of the air chamber. 

The author will prove that this is not correct and that, to the 
contrary, the ratio of these two quantities of energy constitutes 
the parameter of the laws of pressure variations, the key to the 
problem. 

Let us then conceive a plant consisting of a pump of any kind, 
a suction pipe with a foot valve, and a discharge tube into which 
is connected an air chamber and which feeds an upper reservoir, 
the elevation yo of which is maintained constant. Let us assume, 
further, that the arrangement of the efflux from the pipe into the 
reservoir is such as to also permit, at any time, the flow from the 
reservoir back into the pipe line. With the sudden stoppage of 
the power actuating the pump and the coincident closure of the 
foot valve, there are realized the instantaneous initial condi- 
tions of perturbed motion in the system formed by the air 
chamber, the pipe line, and the reservoir to be fed. 

During such instantaneous initial conditions the liquid column 
still possesses the uniform velocity of regimen Vo, while at its 
uppermost layer acts the atmospheric pressure h and at its 
lowest filament the pressure yo + A, or rather, the pressure 
Yo + h + kvo? if account be taken of the resistance of liquid fric- 
tion. 

But such instantaneous initial conditions are rapidly disturbed. 
The ascending liquid column, by inertia, and functioning like a 
suction piston, generates a drop in pressure at the lower end and 
causes a flow of water from the air chamber due to the diminished 
pressure, according to the laws of physics, while the velocity 
of the column diminishes until it is completely stopped at the 
instant of maximum drop in pressure. There follows a period 
of negative (descending) velocity with a return flow of water 
into the air chamber, accompanied by a rise in pressure to a 
maximum value > yo (water hammer) at the instant at which 
the velocity again becomes zero; this sequence is continued in a 
rhythmic oscillation the intensity of which is reduced by the 
influence of liquid friction. The maximum and minimum of 
velocity and pressure obviously not being synchronous for the 
various filaments of the liquid column, it is considered sufficient 
to study the laws applying to the lowest liquid layer in immediate 
contact with the air chamber. 

These studies will be pursued by means of (a) the general laws 
of perturbed motion which tie together, for each layer, the pres- 
sures and velocities at intervals of phase (relations of accelera- 
tion); and (6) the physical laws (isothermic or adiabatic) which 
tie the pressure and the volume of the air contained in the 
chamber (volumetric relations). 

The author will first treat the problem disregarding liquid 
friction and will establish a system of pendular relations of finite 
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differences which rigorously define the laws of pressure at inter- 
vals of the phase. He will then introduce in such a system, terms 
representing the resistance of liquid friction, and find, by a 
method of corrections, the new values of pressures dependent 
on such resistance. 

Finally, with the help of approximate energy balances, the 
author will propose rational rules for the selection of values to be 
assigned, in individual cases, to the volume of the air chamber 
and to the necessary resistance of liquid friction for descending 
flow. 


GENERAL FORMULAS AND ACCELERATION RELATIONS 


Neglecting liquid friction, the general law of perturbed flow is 
Yi-1 + Ys — 2 yo = (a/g)(+ Ve-1 * Vs)...... [1] 


tying the two superpressures Y;-; — yo and Y; — yp at the 
phase interval u(u = 2L/a), to the acceleration o7 the liquid 
filament during that interval (upper signs for descending, lower 
signs for ascending motion). 

In Equation [1] the atmospheric pressure is assumed to be 
zero which it obviously is not, particularly because of the arrange- 
ment in which an air chamber is inserted; therefore (adopting 
the lower signs), the formula must be written in the form 


+h) + (Ye +h) —2(yo +h) = (0/9) + Vi). [la] 
which, by means of the notations 

yo* = yo thand Z% = +h/yo*.......... [2] 
may be written 


Zi-1 + Zi — 2 = (avo/gyo*)( — + Vi)/vo0.... [2a] 


Remembering, further, the conventional notation p = avo/2gyo, 
where p is the characteristic which defines a pipe line not 
supplied with an air chamber, and adopting the analogous 
notation 


Equation [2a] may be written 
Zi-1 + Zi — 2 = 2p*( — Vi-1 + Vi)/oo....... [4] 


from which, fori = 1, 2, 3, 
= (v0/2p*)(Z; — 1) 
—Vi + V2 = (/2p*)(Z: + — 2) 
+ Vs = (v0/2p*)(Z2 + — 2) 


etc., there follows the system 


which ties the two series of values v, Vi, V2, V3, etc., and Zp = 
1, Z1, Z2, Zs, etc., at the instants ¢ = 0, u, 2u, 3y, etc., of the total 
rhythm, beginning at the start of perturbed motion (sudden 
stoppage of power). 

In the following study I shall retain unchanged the first of 
Equations [5] which will serve, together with the synchronous 
volumetric equation, to determine the value of the first de- 
pression Z, which occurs at the end of the phase of the direct 
blow. 

For the subsequent Equations [5] we will substitute new 
ones obtained by adding each equation to the preceding one; 
thus we get the new system 


+ V2 = (v0/2p*)(1 + 22, + Z2 — 4) 
—V, + Vs = (v0/2p*)(Z, + + — 4) 
—V2 + Va = (v0/2p*)(Z2 + 2Z, + Z,— 4) 


[6] 


which will serve, together with the synchronous volumetric equa- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


tions, to determine the pressures Z2, Z;, Z4, etc., at the ends of 
each of the successive phases of the counterblow. 

We shall apply the first of Equations [5] and those of Equa- 
tions [6] to the lowest filament of the liquid in immediate con- 
tact with the air chamber; therefore, Z; shall denote the per- 
centual pressure obtaining there at the ith instant, and +V, 
shall denote the velocity of the water at that instant flowing out, 
or entering the air chamber. 

Values of p*. As a complement to the preceding discussion, 
attention is called to the order of magnitude which the char- 
acteristic p* may assume within the practically probable limits 
yo* and tv. Values of p* are given in Table 1. These values in- 


TABLE 1 VALUES OF p* 


yo*, meters........ 500 350 200 100 50 25 

1100 1000 900 800 750 700 
ve, M per sec — p* values 

0.5 0.11 0.20 0.37 0.75 

1.0 = 0.14 0.22 0.40 0.75 1.40 

1.5 0.16 0.22 0.34 0.60 1.12 2.10 

2.0 0.22 0.30 0.45 0.80 1.50 2.80 


crease from ~0.10 to ~2.8 for high or low heads, respectively. 
Pipe lines having characteristics <~0.10 are excluded, since, 
with such lines air chambers are nonsensical. The normally 
found values of p* range from 0.25 to 2.00. 


GENERAL FORMULAS AND VOLUMETRIC RELATIONS 


Designating by C, the initial (regimen) volume of air contained 
in the chamber at the absolute pressure yo*, and by C; its volume 
at the instant 7, then 


f 
0 


where S denotes the constant cross section of the pipe. A second 
relation between C> and C; is furnished by the physical laws, from 
which, based on the isothermic assumption Coyo* = Ci (Ys + h), 
which with consideration of Equation [2] gives 


Hence, from Equations [7] and [8] 


From this general volumetric relation it is now possible to arrive 
at a system of relations, in which, in lieu of the integral Vt, 
only the V;, of the total rhythm appears. 

It may be assumed with reasonable accuracy that during the 
length of a phase the variation of V can be considered linear and, 
therefore, it is permissible to make 


i-1 2 


Vot 
Pressure of Direct Blow. Putting i = 1 in Equations [9} and 
{10], then 


in which the second member was divided and multiplied by % 
with a view to the transformation of the coefficient which is 
given later in this paper. 

It is easy to see that Equation [11] combined with the first of 
Equations [5] permits the elimination of V; and results in 4 
second-degree equation for the determination of the pressure 7; of 
the direct blow. 

Pressures of the Counterblow. Writing Equation [9] for (i — 1) 
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and (t + 1), adding the equations and subtracting, from the 
result, Equation [9] multiplied by Equation [2], we obtain 


i-1 i i+1 
va—2 fo vas Vor + — 
0 0 0 S 

1 


the first member of which can be written 


i+1 
— Vot + Vot 
i 


and by Equation [10] 
Vi-1 + Vi Vi + Viw —Vi-1 + Vis; 
= 


2 2 2 


and the former equation becomes 


{12] 
= Vo. . - 
pSvo \Zi-1 Zi Zi+1 


the second member of which has the same coefficient as Equation 
[11] and, for? = 1, 2, 3, etc., remembering that Z) = 1, produces 
a system of equations, each of which tie together three successive 
values of Z;—1, Z:, Z;41, and permits their determination. 

Transformation of the Coefficient. (2Co/wSvo) in Equations 
{11} and [12]. Prior to performing the indicated eliminations 
it will be useful to transform the coefficient of the second mem- 
bers of Equations [11] and [12] into an expression which is a 
function solely of a ratio of energy, so as to confer on the formulas 
a character of maximum generality. 

Let us introduce, therefore, the notation 


— Ve-1 + Vis 


in which o* expresses the ratio of the potential energy of the air 
chamber in regimen and the kinetic energy of the discharging 
liquid column in regimen. 

Remembering that in our notation u = 2L/a, the coefficient 
considered can be written 


2Co 1000C> Ye* avo 

= =¢ 

wSvo (1000 /(2g) 2gyo* 
Therefore, Equation [11] can be written 


1 
vo + Vi = a*p* [15] 


1 
and Equation [12] may be written 
1 2 1 


the final form of the fundamental volumetric relations for the 
solution of the problem. 


DETERMINATION OF THE Pressures Z; OF THE Direct Bow AND 
Z; OF THE COUNTERBLOW 


As stated previously, the determination of the pressure Z; of 
total rhythm is done by first finding the direct blow Z, by means 
of the first of Equations [5] and Equation [15], and the successive 
values of the pressure of the counterblow Z:........Z: by means 
of Equations [6] and [16] as follows: 

Pressure Z, of the Direct Blow. Eliminating V; from the first 
of Equations [5] and from Equation [15] and putting 
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there is easily obtained for the determination of Z; 
+ Z\(N + 49* —1)—N =0.......... [18] 


an equation which always gives 0 < Z, < 1, and, for a given pipe 
line (given p*) smaller values for smaller volumes Co of the air 
chamber which is to be expected. 

lo Zi of the Counterblow. Pendular System. 
Putting in the general relation given by Equation [16], i = 1,2,3, 
eet etc., and noting that for i = 1 there results, Vi-; = 
vo, Zi-1 = Zo = 1, we obtain the system 


2 1 
Ve * * } 


1 2 1 
i+ Vs = o*p [19] 
1 2 1 


in which the first members are identical with the first members of 
Equation [6]. 

Equating, therefore, the second members, and considering 
Equation [17], we obtain the system 


2.1 
1+ += 
2%, + (1 


1 2 1 
1 2 1 


which is precisely a pendular system of finite differences, and con- 
stitutes, in a sense, a novelty in technical mathematics. 

The numerical use of it is obvious: The given pipe line, that is, 
the given p*, and the selected value of «* (which is discussed later 
in this paper) result, by using Equations [17] and [18], in 
finding the parameter N and the value of the first depression 
Z,, respectively; the first of Equations [20] furnishes then a 
quadratic equation for determining Z:, the next analogous 
equation gives the value of Z;, etc. 

It may be seen that substituting Z,...... Z; into Equation 
[5] permits the easy determination of Vi, in the form of 


Vi (Zi —1) 
2p 
Vo 
Vs = + — (2: + — 2) | 
2p 


and all calculations are extremely easy. 
The Parameter N. It will be of interest now to show the energy 
significance of the parameter 


which alone appears in the pendular system of Equations [20]. 
The energy definition of the factor o* is given by Equation [13] 
while regarding the factor p*, we may observe that, disregarding 
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the atmospheric pressure, the energy expression of the character- 
istic p is 


avo 
=p='/, 


2gyo* Ww 
where W designates the elastic potential energy of the pipe line 
in regimen, considering the atmospheric pressure zero. There- 
fore, it is logical and justified to formulate the analogous equa- 
tion. 
avo 
2gyo* 


where W* has an analogous meaning to W by the substitution of 


yo* for Yo. 
Therefore, by means of Equations [13] and [21a] 
1 1000 Covo* 
N = 26*p*? = . 22 
2o*p Wwe [22] 


and therefore, the unique parameter of the pendular system of 
Equations [20] equals the half ratio of the (total) elastic potential 
energy of the air chamber in regimen, and the analogous elastic 
potential energy of the discharge pipe, in regimen. 

The foregoing statement shows the important significance 
with which the energical considerations shed light on the in- 
vestigation of the problem. 

Other Observations Regarding the Pendular System. The pendu- 
lar system Equations [20], independent of vo and governed only 
by the parameter N when the value Z, of the pressure of the di- 
rect blow is given by Equation [18], is in a certain sense a function 
of a second parameter, inasmuch as the whole series of successive 
Z; depend on the interval of the phase. For instance, if we assume 
Z, = 1, Equations [20] are satisfied by Z, = Z; = ....Z; = 1, 
the second members of each equation becoming zero (hypothesis 
of immobility). On the other hand, should Equation [18] furnish 
a value of Z; < 1, the system expressed by Equations [20] takes 
on its pendular character as far as the values of Z:....Z; are 
concerned, decreasing over a certain number of rhythms to a 
value of Zmin, then increasing to values > 1 and reaching a value 
of Zmax, after which it again decreases and thus gives a sequence 
of oscillation. 

Analogously, the values V; (or rather the ratio V;/vo) pre- 
sent an oscillation of opposite signs with respect to ~ Zmin and 
~ Zmax and reaching positive or negative maximum values cor- 
responding to Z ~ 1. It seems, in fact, unnecessary to observe 
that values Zmin and Zmax obtained from Equations [20] are 
not, in general, the effective minimum or maximum, which 
obviously occur (as for Z = 1) in some instant of intermediate 
rhythm. 

The approximate determination of such effective minimum and 
maximum could be obtained obviously from the determination of 
the intermediate values of Z;. 

For a given pipe line (given p*) the duration of a single oscilla- 
tion is the longer the larger N is and therefore the larger the vol- 
ume C> of the air chamber, which is, of course, logical. 

+ Numerical Examples. To better illustrate the oscillation laws, 


TABLE 2 VALUES OF Z, Zmin, AND Zmax FOR VALUES OF p* AND o* 


Z Zmin Zmax 

30 0.89 Zs = 0.78 Zio = 1.30 

e*= 0.5, of = 5 0.61 Z. = 0.56 s = 1.71 
2 0.41 = 0.41 = 1.93 

30 0.94 Z = 0.78 Zi = 1.31 

e*= 1.0, of = 5 0.73 Z: = 0.56 Zo = 1.84 
2 0.53 Z: = 0.31 Zi = 3.87 

30 0.97 Zu = 0.78 Zs = 1.31 

e* = 2.0, = 5 0.84 = 0.55 = 2.53 
2 0.68 Zs = 0.42 Zu = 2.71 
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values of Z;, Zmin, and Zmax are given in Table 2 as determined 
from values of p* = 0.5, 1.0, and 2.0, and values of «* = 30, 5.0, 
and 2.0. These values satisfactorily cover those of actual applica- 
tions. 

The first observation suggested by the figures in Table 2 is that 
in a pipe line with a very small air chamber (¢* = 5 and 2) there 
may occur Zmax > 2 which is larger than the maximum possible 
value which can demonstrably obtain in a pipe line without an 
air chamber. With such an assumption, the hydrodynamic 
phenomenon is ruled, in fact, by the general system of Equations 
[5], which gives for Vi; = 0, Z; = 1 — 2p*, Z, = 1 + 2Qp*, 
Zs = 1 — 2p*, etc.; these values have a meaning only for the 
conditions p* < 0.5, because Z; cannot be <0, from which follows 
the condition Zmax = Z: 2 2. 

If, on the other hand, p* > 0.5, the physical phenomenon ob- 
viously is found from Equations [15], and we may easily presume 
a pressure of counterblow which differs little from 2. 

These statements, which are not very favorable to the air 
chamber, are not paradoxical and indicate only that the hydro- 
pneumatic device concentrates the absorption of the energy of 
the chamber in a very short time with a consequent increase of 
pressure. 

As an example, there is shown in Table 3 the series of the values 


TABLE3 VALUES OF Zi FOR THE CASE (p* = 1, o* = 2) 


Z = 0.531 Zs = 0.505 
Z: = 0.344 Ze = 1.369 
Z3 = 0.307 Z: = 3.868 
Z = 0.341 Zs = 0.730 


Z; for the case (p* = 1, o* = 2), which gives occasion to a vehe- 
ment superpressure equal to four times the pressure of regimen. 
The figures in this table show the whole violence of the phenome- 
non, concentrated as a blow in the seventh phase. 

These statements, therefore, call attention to the study of the 
dangers of the air chamber and explain many failures of pipe 
lines due to the neglect of maintaining the chamber, or to lack 
of air due to defective construction. The author will discuss this 
subject in more detail later in this paper. 

The phenomenon of time of absorption of the energy of the 
chamber is of a general character and the examination of the 
series of the values Z; in Table 2 shows in fact that the duration 
of the depression is always larger than the duration of the wave 
of superpressure, while the maximum depression is always less 
than the maximum superpressure that is 1 —- Zmin < Zmax ~~ 1. 

The two waves, therefore, are nonsymmetrical, and this in pro- 
portion to the difference of the two antagonistic forces (gravity 
and elastic reaction of the chamber) which governs the oscillation. 

A continuous curve drawn through the points representing the 
Z, of the entire rhythm, therefore, takes the allure of refractory 
festoons impossible to express analytically. 

The pendular system expressed by Equations [20] cannot fur- 
nish any criterion or rule for the selection of o* or, in other words, 
for the volume of the air chamber. It is, instead, a perfect in- 
strument of control and furnishes the analytical means for the 
study of the influence of the resistance of the liquid friction. 


CorRECTION OF Equations [18] AND [20] By CONSIDERING 
Liquip FricTIon 


Assuming, for the resistance of liquid friction in regimen, the 
well-known expression kvo?, in which the coefficient k depends 
upon L/D and additional resistances; observing, moreover, that 
the effective pressure at the beginning of the perturbed motion 
should be rewritten 


= yo +h + [23] 


the numerical values of p* and o* should be correlatively co!- 
rected. 
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During the perturbed regimen, moreover, the velocity of each 
single liquid filament is varying with time, and, at the same in- 
stant, is different for each filament. Therefore, the effect of 
liquid friction is transmitted to the lowest filament which we are 
considering, according to very complex laws in which it is legiti- 
mate to assume that the velocity V; of the identical lowest fila- 
ment plays a predominant part. It was considered legitimate, 
therefore, by various authors on the subject, and the author fully 
concurs, to adopt kV;? as the corrective term of the pressure Z; 
as dependent on the resistance of liquid friction. 

Thus, the subtle question arises: How can and should such a 
correction of our formulas be realized? 

First of all it may be admitted that if at a given instant the 
velocity of the liquid column is positive (that is ascendent) the 
resistance of liquid friction will tend to hinder the expansion of 
the air contained in the chamber and therefore increase the pres- 
sure, while if the velocity becomes negative (that is descendent), 
the resistance of the liquid friction will tend to hinder the re- 
compression of the air in the chamber, and therefore, decrease 
the pressure. 

From these considerations we may conclude that, provided the 
correction is made in a given sense for the period of ascending 
velocity, it must be made in the opposite sense for the period of 
descending velocity. An attentive examination of the derivation 
of Equation [18] (direct blow) and of the pendular system of 
Equations [20] (counterblow) can furnish more exact criteria for 
the formulation of the correction sought. 

It was stated that the pendular Equations [20] were obtained 
by equating the second members of Equations [6] and [19], the 
former expressing the laws of acceleration, and the latter the 
volumetric laws. 

Equations {6|. Equations [6], derived from Equations [5] 
tie together the acceleration of the filament and two successive 
superpressures; and, because those parts of the superpressures 
balancing the liquid friction do not enter in the acceleration of 
the filament, the general Equation [5] must be corrected to 


kV? 
—V;-,+Vi= = Zi-1+2—[2 4 + 
2p yo* Yo 
and, therefore, the general system of Equations [6], with the 
abbreviations 


becomes 
— Vi-1 + Vix = + + Ziti — (4 + 


+ 2Ki + Ki+)].... [25] 


Equation (16). Equation [16], derived from Equations [9], 
{10}, and [13], on the other hand, expresses merely the ratios of 
the volumes of air and water contained in the chamber, which 
ratios are not influenced by the liquid friction and have no direct 
bearing on the values of Vi; therefore, we must maintain Equa- 
tion [16] without any correction in its second member. 

Analogous considerations apply to Equation [18], derived 
from the first of Equations [5] and Equation [15], whence Equa- 
tion [18] and the pendular system of Equations [20] corrected 
with consideration of liquid friction, respectively, must be written 


Z2 + Z,(N + 49* —(1 + Ki) —N = 
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from which, by determining Vi, we obtain Equations [5] analo- 
gously corrected in the form 


Ve 


observing, for Equations [20a] and [5b], that when V; results 
in a negative quantity (descending flow) then K; must also assume 
the negative sign. In this case the coefficient k* may have a 
larger value than for ascendent flow, depending on the additional 
resistances, which, as will be seen, we may find opportune to 
introduce. 

The procedure of periodical corrections for the determination 
of Z; and Vi by means of Equations [18a], [20a], and [5b] 
is obvious. Namely for determining Z; and V; from Equation 
[18a] and the first of Equations [5b], neglecting K as a first 
approximation, we obtain approximate values Z; and Vj, and 
from Equations [24] the approximate value K’, with which 
Equation [18a] gives a second approximate value Z,” and the 
first of Equations [5b] a second approximate value V,” and hence 
a value K,”. In the same manner, a system of values Z;, Vi, and 
K, are finally obtained which satisfy the two equations and 
Equation [24] with sufficient accuracy. 

Substituting these values in the first of Equations [20a] and 
the first of Equations [5b], there follows, analogously, the 
determination of Z2, V2, and Kz which satisfy these equations; 
we proceed, by means of the second of Equations [20a] and 
the second of Equations [5b] to the determination of Z3, V3, and 
K;, etc., and finally, we find a value Z;, which satisfies 


Zi-1 < Zi > Derr 


which is the maximum sought. 

With some practice, this procedure gives sufficiently speedy 
results. 

It is not superfluous to repeat here a statement regarding 
Equations [18a] and [20a], already made for Equations [18] 
and [20], that they do not furnish any direction for the selection 
of o* and, therefore, of Co. 

Numerical Examples. (Dimensions in Meters.) We shall 
execute the calculation of the series of values Z; and Vi, for a 
pipe line defined by yo = 40, » = 1 with the following three 
assumptions: 

(a) That the ratio L/D is such that the effect of liquid friction 
may be neglected. On this assumption, yo*~50, p*~1.0, and 
taking «* = 5, N ~10. With these values of p* and N, Equations 
[18], [20], and [5] give the series of the values Z; and Vi shown in 
column A of Table 4. 

(b) That the dimensions of the pipe line satisfy L/D = 10,000 
whence k ~ 15, and, with this assumption yo* ~ 65, p* ~ 0.77, 
while supposing to maintain the same value Cy gives «* = 6.5, 
N = 7.71, and further k* = k/yo *= 0.23. With these values of 
p*, N and k*, Equations [18a], [20a], and [5b] give the series 
of values Z;, Vi, and K; shown in column B in Table 4. 

(c) That by means of proper appliances (for example, by fins 
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TABLE 4 VALUES OF Zi, Vi, AND Ki 


Vi Zi Ki Zi Vi Ki 

i 06.72 0.86 0.73 0.74 0.127 Ww Ww Ww 
2 0.60 0.53 0.64 0.25 0.015 w Ww Ww 
3 0.56 0.11 0.64 —0.21 —0.011 0.64 —0.20 —0.037 
4 0.57 —0.32 0.79 —0.53 —0.066 0.77 —0.45 —0.184 
5 0.65 —0.71 1.09 —0.52 —0.062 0.99 —0.39 —0.143 
6 0.83 —0.97 1.52 —0.27 —0.017 1.27 —0.13 —0.015 
7 #41.21 —0.96 1.59 +0.18 +0.007 1.42 +0.32 +0.023 
8 1.82 —0.44 1.18 +0.68 +0.107 1.26 +0.67 +0.105 
10 1.23 +0.92 

Note: The maximum pressure Zs = 1.838 given by assumption A re- 


duces to Z; = 1.592 for assumption B and to Z7 = 1.420 for assumption C. 


arranged in the direction of ascending flow between the chamber 
and the pipe line) the coefficient k* increases four times for de- 
scending flow (k* = 4 X 0.23 = 0.92); we then obtain a series 
of values of Zi, Vi, and Ki, shown in column C of Table 4. 


APPROXIMATE VALUES OF o* From ENERGY BALANCE 


Approximate values of * may be derived from energy balances 
approximate to the extent, implying that such balances are an 
expression of the kinetic energy in any instant, that it is assumed 
that the same variable velocity applies in each instant to all 
liquid filaments. This is the same as assuming the elasticity of 
both water and pipe line to be zero, hence the condition a = 
which tears down the whole analytical edifice of the theory of 
perturbed flow. 

This hypothesis creates an unreal mechanical system the only 
elastic member of which is the air chamber, in a manner that, 
aside from liquid friction, (a) at the instant of minimum pressure 
one has V = 0 and V changes sign; (b) at the instant when the 
pressure takes the value Zo = 1 we have V = —+; and (c) at 
the instant when the pressure reaches its maximum value, we 
have again V = 0. 

Energy balances can therefore be established at the instants 
(a) and (b) for the determination of Zmin, or for the instants (b) 
and (c) for the determination of Zmax,. which latter is the one of 
real interest and which we will designate by Zm. 

Energy balance for (Z = 1, V = w) and (Z = Zm, V = 0). 
The energies considered will, therefore, be for the inelastic hy- 
pothesis exclusively. 

(a) The kinetic energy Wo which is dissipated during the in- 
terval. 

(8) The energy absorbed by the air chamber for isothermic 
compression for Z = 1 to Z = Zm expressed by (1000 Coyo*Ln 
Zm). 

0 The potential energy of the volume of water Co — Cwin 
descending from the upper reservoir into the chamber, is ex- 
pressed by [1000 Coyo* (1 — Zm~*)]. To the terms (8) and (7) 
we should add other analogies dependent entirely on the neglect 
of the elasticity of the pipe line, which when formally ob- 
serving the hypothesis, we assume to be concentrated in the air 
chamber: 

(8) The energy AW,* the increment of the potential energy 
W,*, which can be calculated as follows: We have from Equa- 
tion [21a] 


(e) The potential energy 1000 ATyo* of the volume of water 
descending from the reservoir into the pipe line dilated from T 
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to (T+ AT) from which AT’ can be calculated by expressing AW * 
as a product of A7’ and the average pressure (1/2) yo* (Zm + 1), 
whence 


Forming, therefore the energy balance 
a = 8 — y + Equation [26] — Equation [27] 


we obtain, after reduction 


Wo = 1000 LnZ +W, — 
0 0Yo m Za 0 2p* 


which, divided by Wo and putting, according to Equation [13] 


o* = 1000 Coyo*/Wo 
may be written 


1 — (4e—1)\"| (raz 1 


being an interesting approximate expression of the energy ratio 

This expression is the product of two factors, the first of which 
a function of Z,, and p*, represents the influence of the elasticity 
of the pipe line, and the second the influence of the air chamber. 
Let us examine them separately. 

The first factor results in values close to unity for sufficiently 
small values of the ratio (Z,,— 1)2p* and on this assumption, 
the elasticity of the pipe line can be neglected with respect to 
that of the air chamber, but it diminishes rapidly with increasing 
values of Z,, and vanishes for Z,, = 1 + 2* with which assump- 
tion o* = 0, Co = 0. 

In fact, it is obvious that without the air chamber the maximum 
pressure is the first pressure of the counterblow Z; = 1 + 2p*, as 
found from the first two of Equations [5] with V; = Vz =0. On 
this assumption the elastic dilation of the pipe line absorbs the 
whole kinetic energy Wo. 

The second factor (influence of the air chamber) results in © 
for Z,, = 1 which is obvious, but decreases rapidly with increas- 
ing Z,, without ever vanishing. 

With the data of the discussion which follows (see section on 
the Coefficient k* of Liquid Friction for Descending Flow). 
there is formed a table of the values of o* from Equation (28), 
for values of p* from 0.20 to 2.5 and for the values of the super- 


o* = 


pressures Z,, — 1 from 0.30 to 4. 


TABLE 5 VALUE OF o* FROM EQUATION [28] 

Zm—1 = 0.30 0.40 0.50 0.75 1.0 1.5 2.0 3.0 40 

= 0.375 26.7 14.1 7.02 3.00... ... 

= 0.50 28.8 16.6 10.4 3.33 0.00... 

=0.75 30.5 18.3 12:3 5.72 2.88 0.00... 

= 1.00 31.0 18.9 13.0 6.55 3.88 1.38 0.00... 

=1.50 31.4 19.4 13.5 7.15 460 2.37 1.28 0.00 

=2.00 31.5 19.5 13.7 7.36 4.86 2:71 1.73 0.69 0.00 

= 2.50 31.6 19.6 13.8 7.46 4.97 2.87 1.94 1.00 0.45 


Grade of Approximations of Equation [28]. 


The assumption | 


that all liquid filaments move with equal velocity, which is nece* | — 


sary for the setting up of the energy balances, deviates sufficiently | ~ 
from the physical reality to have us expect that the effective | 


maximum pressure is greater than the maximum hypothetic#! | 
pressure obtained on the basis of Equation [28]. M4 

This, however, is true only in a slight measure when the hydt™ | 
dynamic phenomenon is but little accentuated, as, for instanc® | 
when Z,, = 1.3, ¢* ~ 30, while it is already noticeable for 2, * | 


1000 ATyo* = 2Wo ———......... 27 
(2p*)? 
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1.5, which statement may be proved by means of Equations [18] 
and [20]. 

For uniformity of treatment let us assume in the following three 
examples Z,, = 1 + p*, and, p* = 0.5, 1.0, 2.0, respectively. 


Example 1. Let p* = 0.5, Z,, = 1.5, and «* = 10.4, while 
from Equations [18] and [20], with N = 5.2, we have 
Z = 0.739 Zs = 0.677 Zs = 1.211 
2: = 0.650 Zs = 0.888 Zo = 1.982 


that is, a maximum effective pressure certainly > 1.982 instead 
of Z,, = 1.5. 

Example 2. Let p* = 1.0, Z,, = 2.0, and «* = 3.88, while 
from Equations [18] and [20], with N = 7.8, we have 


Z, = 0.678 Z; = 0.520 Zs = 0.835 Z, = 2.581 
Z, = 0.553 Z, = 0.605 Zs. = 1.707 


that is, a maximum effective pressure certainly > 2.581 instead 
of Z,, = 2 

Example 3. Let p* = 2.0, Z,, = 3.0, and o* = 1.73, while 
from Equations [18] and [20], with N = 13.8, we have 


Z, = 0.645 Z; = 0.400 Z = 0.912 
Z, = 0.496 Z. = 0.430 Zi = 1.646 
Zs = 0.427 Zi = 0.502 Zu = 2.934 
Z, = 0.399 Zs = 0.628 Zi = 2.350 


hence it appears that between Z,, and Z, there is a maximum 
considerably > 3. 

These statements intend to throw light on the mediocre ap- 
proximations of the inelastic hypothesis (although corrected by 
the first factor of the second member of Equation [28]) but not 
to detract from the value and importance of Equation [28], the 
only, if somewhat vague, explicit relation by which it is possible 
to establish in an approximate manner, the value of the maximum 
pressure and the volume of the air chamber. 


DETERMINATION OF Cy BY MEANS OF THE ENERGY RELATION o* 
AND NEGLECTING Liquip FRICTION 


From Equation [13] of o* we have 
Woo* 
1000 yo* 
from which, by substitution of 
v 2 
Wo = 1000 LS 


we obtain for Cy an expression which, obviously may be written 


LSv avo 
2gyo* 
and assuming, for the purpose of our generic and explorative 
studies, a = 1000 meters, then 


Co = 


o* = — 
a 


showing that Co is proportional to the length of the pipe line, to 
the volume of flow in regimen and to the product of the energy 
ratios p* and o*. 

Let us examine these several elements. The length L and the 
normal discharge Qo are given in each individual case, and so is 
the characteristic p* when the normal velocity vo is fixed. For the 
energy ratio o*, defined by Equation [28] and essentially depend- 
ing on the maximum pressure Zm, we cannot always assign pre- 
cise rules, the pressure Zm being, in each individual case necessa- 


tily proportional to the head yo and to the resistance of the pipe 
line. 
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For low heads and small discharges the pipe lines frequently 
present limits of resistance which admit of superpressures equal 
to or even multiples of the pressure in regimen, while such is not 
plausible for high or even medium heads and discharges of sub- 
stantial volume. 

Therefore, neglecting special causes which admittedly are 
usually outside the limit of security given by Zm = 1.3, from 
Table 5 we have o* ~ 30, whatever the value of p*, for any pipe 
line. 


TABLE 6 VALUE OF (Co, CuM 


Qo (m?/sec) = 0.025 0.100 0.200 0.500 1.000 
L(m) = 200 400 566 895 1265 
Co, values: 

e* = 0.5 0.075 0.60 1.70 6.71 19.00 
¢= = 1.0 0.150 1.20 3.40 13.40 38.00 
= 1.5 0.225 1.80 5.10 20.10 57.00 
30 = 2.0 0.300 2.40 6.80 26.80 76.00 
= 2.5 0.375 3.00 8.50 33.50 95.00 


With this assumption, and by means of Equation [29] there 
is given in Table 6 the volumes C5 for values of discharge Q, 
which values are based on the assumptions (1) that the five pipe 
lines satisfy the condition L/D = 1000, whence the liquid friction 
becomes negligible and L becomes proportional to +/Qo, and (2) 
that with vo = 1.0 L = 200, 400, 566, 895, 1265 meters, respec- 
tively, for the five pipe lines. 

From Table 6 it becomes evident that plausible values of Cy are 
furnished by Equation [29] only for discharges less than about 

100 liters and high heads (small values of p*), while for larger 
discharges and low heads the values of Co are increasing, finally 
becoming exhorbitant beyond any technical and economical 
convenience. 

The theory, therefore, confirms the fact already well-noted 
empirically, that is, provided the liquid friction is neglected, the 
air chambers are very inadequate instruments for the intended 
purpose of rendering innocuous the kinetic energy of the liquid 
column by the simple means of pneumatic accumulation. Volumes 
of air under pressure which contain 30 times such energy (¢* ~ 
30) and require large chambers, scarcely suffice to limit by 30 
per cent the superpressure of the water hammer. 

But, on the other hand, because of such large volumes of air, 
the oscillations of the pressure, as may be shown by means of 
Equations [18] and [20], will result in units of u in a long dura- 
tion; hence, it is desirable to increase the volume of the chamber 
to permit it to receive the volume of water which must be dis- 
charged by it between the initial and final instant when Z = Zzin, 
V =0. 

To prove such long duration of the oscillation, let us examine 
the indexes of the values Zmin and Zmax determined by means of 
Equation [18] and Equations [20] precisely for ¢* = 30 and for 
the usual five values of p*. These indexes are given in Table 6, 
which indexes of Zma give, in units of u, the duration of discharge 
of water from the chamber. Referring to Table 6 for Qo = 1.0 
and L = 1265 (u = 2",5) it is easy to see that such discharge is 
greater than 20 cu m. 

The considerations and statements presented (except for small 
discharges) indicate the following as a unique solution of the 
problem: To adopt very small values of o* (that is of Co), ar- 
ranging adequate resistances of liquid friction for descending flow, 
which are adapted to destroy the large superpressure which follows 
the limitation of o*. 

The empirical technical practice has already shown the way in 
this direction and the author has only proved the theoretical 
basis of this orientation. 


Tue Corrricient k* or Liquip FrIcTION For DescENDING FLOW 


Referring to the conclusions of the preceding section of this 
paper concerning the convenience, or rather, necessity, of adopt- 
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ing small values of o*, let us observe, moreover, that on this 
assumption, the duration of the oscillation becomes much shorter 
and V changes sign already in the first rhythms. Therefore, it 
is permissible, and it is convenient for the clearness of the dis- 
cussion, to neglect the indeterminate liquid friction of the ascend- 
ing flow (which constitutes a factor of safety) and to consider, 
for descending flow only, a coefficient k* to which, by means of 
additional resistances, we may give any desired value. 

Reduced to such terms, the problem, therefore, presents itself 
as the selection of the two unknown parameters o* and k*, both 
independent and arbitrary, but subordinated to the condition 
that their combined influence must limit the maximum effective 
pressure to a technically plausible value. 

We do not possess any medium of analytical research which 
would permit a rational solution of such problem, and we must 
turn to numerical applications and their results intended to bring 
to light some useful and sufficiently simple uniform laws, with 
good enough approximations in the field of the numerical values 
considered. 

Study for v = 1. From the pipe lines included in Table 5, let 
us consider those for which Z,, — 1 = p*, whence the first factor 
of Equation [28] of «* becomes constant, and equals 0.75. Now 
take the five corresponding to the five values of p* from 0.5 to 
2.5 which sufficiently cover the field of practical applications. 

These pipe lines have the same characteristics as the five in- 
cluded in Table 6 in which we assumed Zm —- 1 = 0.3 and there- 
fore, ¢* ~ 30 for all five pipe lines, thus obtaining the exhorbitant 
values of Co in Table 6. 

For the five pipe lines of Table 8, assuming Q = 1000 cu m, 
and L = 1265 m, we have from Equation [29], for 


p* = 0.5 1.0 1.5 2.0 2.5 

Co = 6.58 4.90 4.49 4.39 4.38 
as compared to the values 

Co= 19.0 38.0 57.0 76.0 95.0 
of Tabie 6. 


Based on these premises, when vp = 1, the objective of limiting 
and making practically plausible the maximum pressure of the 
counterblow, for the five pipe lines of Table 8, can be obtained by 
assuming for each, respectively, k* = 2p*. 

To prove this assertion, select the three pipe lines defined by 
p* = 0.5, 1.0, and 2.0; whence k* = 1, 2, and 4, and proceed, by 
means of the Equations [29a] and [5b], to calculate the values 
Z; which are compared to the analogous values calculated by the 
Equations [20] with k* = 0 

We thus obtain the values given in Table 9 which confirm 
the preceding assertion, inasmuch as the maximum pressures 
Zmax = 1.982, 2.581, and 2.934, determined by k* = 0 reduce to 
1.067, 1.289, and 1.113 without taking account of the factor of 
safety obtained by neglecting the liquid friction of ascending flow. 

Study for v. 2 1. A summary examination of the pendular 
system given by Equations [20a] shows that such study is 
superfluous inasmuch as it contains v = 1. In fact, it is evident 
that in the pendular system given by Equations [20a] in which 
the variables Z; and Ki = k*V,? are tied together, the system of 
values Z; will be identically maintained as long as the system of 
value K; is identically maintained; but from the relations of 
Equations [5b] there clearly results the fact that all V; are 
proportional to Vo, whence the expression 


Ke = k*V22 


will remain invariable if with the assumption v $ 1, in lieu of 
k* = 2p*, we put 
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TABLE 7 INDEXES OF Zmin AND Zmax FOR o* = 30 


p* 0.5 1.6 1.5 2.0 2.5 
Zmax Z10 Zu Za 


TABLE 8 VALUES OF Zm — as AND N FOR VARIOUS VALUES 
p* 


0.50 1.00 1.50 2.00 2.50 
0.50 1.00 1.50 2.00 2.50 
o* 10.40 3.88 2.37 1.73 1.39 
ore 5.20 7.66 10.66 13.84 17.37 


TABLE 9 VALUES OF Zi FOR VARIOUS VALUES OF p*, k* AND ; 


k*=0 k* = 1 k*=OQ k* =2 k*=0 k* = 4 
Zi Zi Zi Zi Zi Zi 
0.739 0.739 1 0.678 0.678 1 0.645 0.645 
0.650 0.650 2 0.533 0.533 2 0.496 0.496 
0.677 0.664 3 0.520 0.520 3 0.427 0.427 
0.838 0.744 4 0.605 0.581 4 0.399 0.399 
1.312 0.854 5 0.835 0.703 5 0.400 0.400 
1.982 0.961 6 1.707 0. 882 6 0.430 0.424 
1.453 1.040 7 2.581 1.104 7 0.502 0.463 
eee 1.067 8 1.632 1.289 8 0.628 0.509 
1.041 9 si 1.282 9 0.912 0.561 

10 1.646 0.622 
11 2.934 0.692 
12 2.350 0.770 
13 0.855 
14 0.940 
15 1.020 
16 1. 803 
17 


~ 
a 
~ 


which is the general expression of the percentual coefficient of 
friction. 

Comparing Equations [30] and [24], we therefore obtain for 
the proper coefficient of liquid friction 


100 


Vo Vo 


g 

The extension of this or analogous formulas to the pipe lines 
not included in Table 8 would seem to require analogous 
numerical studies, but from it, and always within the limits of 
sufficient approximation, there can be given the proof of an in- 
teresting and somewhat paradoxical propriety of the pendular 
system given by Equations [20a] as given in the following 
paragraphs. 

Auto-Compensation of the Pendular System Given by Equations 
[20a] With the Respect to k* and Zmax. This propriety consists 
in the fact that, varying k* more or less, correlatively (and merely 
as a hydrodynamic play) the velocity V; will vary less or more in 
a manner that the products k*V;? tend to change little from the 
initial values with the result that Zmax varies very little even 
for large variations of k*. 

It is useless to argue over the familiar phenomenon, but the 
numerical characteristics of it are surprising. The author has cal- 
culated for the pipe line defined by p* = 1 the values of the maxi- 
mum pressure for k* = 1, 2, 3, and 4 and obtained for these values 
of k* the values Zmax = 1.435, 1.289, 1.320, and 1.484, respec- 
tively, while the values of Vi, at the 4th, 5th, 6th, 7th instant are 


k* = 1 2 3 4 

= —0 .385 —0 .342 —0.313 —0.292 
Vs = .524 —0.414 .346 —0.307 
Ve = —0 .455 —0.378 —0.264 —0. 247 
= —0 .232 —0.195 —0.235 —0.122 


which figures confirm the foregoing statement. 

It is also interesting to prove that when k* differs from k* = 2 
in either direction, the value of Zmax always increases, whence 
the value corresponding to k* = 2 is a minimum. 

Therefore, within such limits of the values k*, there appears 20 
outside action maintaining the small variations in the field of the 


gin 
| 
| 
| 
] 
4 
( 
d 
4 
¥ 
| 
| 
ing 
if 
4 
i 
x 
| 
| 
4 
| 


an 
he 


HYDRAULICS 


values given in Table 5, and it is best to comply with the tech- 
nical requirements in every case. 

(a) To assume, for the volumes Co, values of the order of 
magnitude corresponding to the values o* which are obtained 
from Equation [28] with Zm — 1 = p* (as in Table 8). 

(b) To assume for the coefficient of liquid friction the value 
given by, Equation [31] without further computations. 

Moreover, the formulas derived permit the complete study of 
each special case. 

Pipe Lines Which Do Not Need Additional Resistances. This 
case occurs when the coefficient k given by Equation [31] equals 
the natural coefficient of friction of the pipe line, and, therefore 
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D 
a condition which is not exceptional. 

Pipe Lines Which Do Not Need Air Chambers. Such pipe lines 
are chiefly those with high heads, characterized by p* < 0.10 
for which the omission of the air chamber gives Zmax = 1 + 2p*. 

The air chamber can also be omitted for pipe lines for which 
p* > 0.10 when the ratio L/D is sufficiently high to generate a 
friction able to keep Zmax Within permissible limits. 

The author reserves the treatment of the problem of medium 
heads for a further discussion. 
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The author gives equations which are necessary for the 
complete analysis of surge conditions in pump-discharge 
lines when data for the discharge-line conditions are pre- 
sented graphically. He selects several types of discharge 
line and presents graphs which indicate water-hammer 
conditions therein. Some of the types discussed are simple 
discharge lines from pumps, discharge lines with an air 
chamber some distance from the pump and also from the 
reservoir into which the line discharges, discharge lines 
wherein the water column breaks, and discharge lines 
wherein water hammer occurs due to the chattering or 
slamming of valves. 


by the A.S.M.E. Committee on Water Hammer, except in 
the case of the pipe-line constant; the author uses p for 
this constant instead of K. The other notations are as follows: 


‘Ds nomenclature used in this paper is that recommended 


Ho = static head, measured during steady flow, 
above the valve or other device that causes 
the water hammer, ft 

H = head at any point on the pipe during water- 
hammer effect, ft 
‘Ha, = head at a point A on the pipe ¢ sec after 
water hammer begins, ft 
Hx;.2. = head at a point B on the pipe 1.2 sec after 
water hammer begins, ft 

ha, = ratio H4,/Ho 

F(t — (x/a)] = the sum of all the direct pressure waves, in 
feet of head, due to water hammer at the point 
zand at time t—(z/a). Also written as F 

S{t + (2/a)] = the sum of all the reflected pressure waves, in 
feet of head, due to water hammer at the point 
xzand at time t + (z/a). Also written as f 

1 Professor of Mechanical Engineering, University of Toronto 
Mem. A.S.M.E. Professor Angus was born in St. Thomas, Canada. 
His public- and secondary-school education was received in London, 
Canada, and in 1897 he was graduated from the University of Toronto 
with the degree of Bachelor of Applied Science in Mechanical and 
Electrical Engineering. His first practical engineering experience 
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ing room of the Standard Oil Co. (of Ohio) in Cleveland, Ohio. After 
his graduation he returned to Cleveland to work on a special gas- 
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berger Works of The American Steel & Wire Co., Pittsburgh. When 
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Air Chambers and Valves in Relation 
to Water Hammer 


By R. W. ANGUS,! TORONTO, CANADA 


Vo = velocity in pipe for steady flow, fps 
V = velocity in pipe at any point during water 
hammer, fps 
Va; = velocity in pipe at point A and at ¢ sec after 
water hammer begins, fps 
Va, = Tatio Vy4,/Vo 
a = velocity of the pressure wave, fps 
xz = distance along the pipe from the cause of the 
water hammer, ft 
L, D,e = respectively, length, diameter, and wall thick- 
ness of the pipe, ft 
y = vertical distance of a specified point above the 
gate or nozzle, ft 
k = bulk modulus of elasticity of the water, lb 
per sq ft 
E = modulus of elasticity of the pipe-wall ma- 
terial, lb per sq ft 
t = time, usually reckoned after water hammer 
begins, sec 
p = aV,/2gHp is Allievi’s pipe-line constant 
n = speed of pump, rpm 
A, B, etc. = points on the pipe, but A is also used for the 
pipe area, sq ft 
B’ and B"” = points on the pipe close to, but on opposite 
sides of B. 


The phenomena accompanying the variable motion of fluids 
in pipes have been the subject of much study and investigation 
for years and have led to many solutions often inconsistent and 
unsatisfactory. It is now generally agreed that any change of 
velocity is accompanied by the motion of a pressure wave which 
travels along the pipe in both directions to and from its source 
and continues to move backward and forward till it is damped 
out by friction. Where the pipe is of uniform diameter and 
thickness the nature of these waves and the total pressures pro- 
duced by them may be found readily, thanks to the work of 
Joukowsky (1)? and of Allievi (2), but where the thickness of the 
pipe varies and where it changes in diameter and has branches, 
the problem is much more complicated due to the separate 
systems of waves set up by each of these causes. These several 
waves combine with each other in a most troublesome way. 

It is quite possible to write mathematical expressions covering 
the case, but where the initial cause of the waves is somewhat 
irregular these expressions become difficult in the simple pipe 
and become so involved in systems of the ordinary type that the 
solution of them is far beyond the patience of the engineer even 
if he had the skill to work them. Therefore, the answers to the 
problems have frequently been obtained by empirical formulas, 
very limited in application and often leading to most erroneous 
results. For these reasons the argument of this paper is presented 
and some illustrations of a common nature are given. 

The derivation of certain of the fundamental equations has 
already been given (3, 4) and need not be further referred to, so 
that these equations will be stated here without proof. The first 
are the two equations of Allievi (2) for gate operations, as follows: 


? Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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a a a 


where a is the velocity of the pressure wave along the pipe. 
The symbols used, except where noted otherwise, are those 
recommended by the A.S.M.E. Water Hammer Committee. 
Stated in words the first equation says that the rise in pressure 
(H — Hp) ft above the initial pressure Ho ft, at any instant ¢ 
sec after gate movement begins and at a point z ft away from 
the control gate or other cause of disturbance, is the sum of all 
the direct or F waves at [t — (x/a)] sec, plus the sum of all the 
reflected or f waves at [¢ + (x/a)] sec; as all the reflected waves 
have an opposite sign to the direct ones, the right-hand side of 
Equation [1] is a numerical difference while the same side of 
Equation [2] is an arithmetical sum. These equations apply 
either to the opening or closing movement of a gate at the end of 
a pipe but do not include friction or velocity-head effect. 

Where the change of velocity is due to a power failure on a 
pump delivering water through a pipe line to a reservoir, Equa- 
tions [1] and [2] must be written with a negative sign applied to 
the left-hand term in each case, otherwise there is no change in 
the equations, and in this case z is the distance from the pump 
to the point under consideration, since it is the pump that causes 
the change of velocity. 

By the addition of Equations [1] and [2] and then by sub- 
tracting Equation [2] from Equation [1] there result 


H — Ho = 
and 
a 
H — Hy = +3) 
The former of these equations evidently applies to the direct 
wave as it includes only the F term, while the latter, including as 


it does only the f term, applies to the reflected wave. 
Consider now a pipe ABC, shown in Fig. 1, of diameter D ft 


GATE on 
NoxzLe 


Fie. 1 Pree Line Wits Controu VALVE at A 


and length L ft and divided at B into lengths L, and Ly, the 
control valve being located at A. Then the time taken for 
the pressure wave to travel from A to B or B to A is L,/a sec 
and to travel from B to C or vice versa requires L,/a sec, where 
the wave velocity 


In this formula D is the diameter of the pipe, in feet; and e is 
the wall thickness, in feet; while k and E are respectively the bulk 
modulus of elasticity of the water and the modulus of elasticity 
of the pipe-wall material, both in the same units (4, 5). 
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If any pressure wave is started at A at ¢ sec due to an opening 
or closing of the valve this wave will travel up the pipe with 
undiminished intensity reaching B at t; sec where t, = [t + 
(L,/a)] and will reach C at t, sec, where t, = [t, + (I2/a)] = 
[¢ + (L/a)] sec. This same wave with undiminished intensity 
will be reflected from the reservoir and will reach B at t sec, 
where ts; = [fz + (L2/a)] sec, and will reach A at & sec, where 
ts = [ts + (Li/a)] = [te + (L/a)] sec. 

Let it be supposed that friction and velocity head are at 
present being neglected, then it is clear that the hydraulic gradi- 
ent is horizontal, and if the subscript zero is used to denote 
the condition of steady flow, it follows that 


or the heads at A, B, and C are the same at zero time. 
Applying Equations [3] and [4] to the pipe gives the follow- 
ing series: (1) For the direct wave 


Ha — Hao = — (Va,- V as) + 2F(t) 
Hau — Heo = — ~(V Bo Van) + 2F (.—*) 
g a 
a 
g (V Bo - Ven) + 2F(t) 
(Vco— Ver) + 2F(t) 


(2) Similarly for the reflected wave 


L 
Hee — Hoo = + 2f (.+4) 
=+ (Vco— Vow) + 2f(ts) 
= + ; (Vso — Vina) + 2f (ts) 
Hau— Hao = + (V ao Vata) + 2f(ts) 
Carrying out two subtractions in the direct-wave group gives yi 
Ha — Hen = + (Va — Vm). | 
Hen — Hen = + [8] 
and for the reflected-wave group E 
Hen — Hous = — = (Von — Vea) 
a 
Hes Hau g (Vert, Vata) 


On a diagram with coordinates H and V, these four equations 
are represented by straight lines sloping at angles whose tangents 
are +a/g and —a/g. The equations apply equally well to open- 
ing and closing of the gate, i.e., to increase or decrease of Ve 
locity and to any method of gate operation as well as to a pipe 
supplied by a reservoir with stationary or with a variable level 
and also to pipes supplied at variable pressure. Usually time 
is reckoned after valve movement begins, in which case ¢ = 2. 
Should there be a change in diameter or thickness at B in such 8 
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way as to change the pressure wave velocity as given by Equation 
[5] so that there is a wave velocity a; in AB and a, in BC, the 
only change necessary in the equations is to use a; in Equations 
[7] and [10] while a; would be used in Equations [8] and [9]. 
Equations [7] to [10] are those employed by Schnyder (6) and 
Bergeron (7) who developed a graphical method like that given 
here. 

Some engineers prefer to use the ratio of the pressure change 
H/Ho instead of the actual rise H — Ho, and sometimes this is a 
more convenient method. If this is desired, Equation [7] may be 


written 
2gHo Vo Vo 


hat — han = 2p(vat — [11] 


where h = H/Ho, v = V/Vo, and p is Allievi’s pipe-line char- 
acteristic. The remaining three equations are then 


Ha Hey 


Ho Ho 


or more conveniently 


han — heen = + 2p(van [12] 
het — = — — 
hat, — has = — 2p(vBis — [14] 


The plotting of these equations differs in no way from Equa- 
tions [7], [8], [9], and [10]; the axes are h and v and the tangents 
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or other power failure on a motor driving a centrifugal pump, the 
algebraic sign on the right-hand side of Equations [7] to [14], 
inclusive, would be changed and Equation [7] would therefore 
be written 


Has — Hon = (Vas — Van) [15] 


while Equation [11] would be 
has — han = — 2p(vae — vBn).....- [16] 


and so on with all of the others. 

These equations are all that are necessary for the complete 
analysis of any system, but the positions of the lines they repre- 
sent cannot be fixed without some further data; however, these 
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of the slopes are +29 and —2p. However, some caution must 
be used, for if the pipe were horizontal, h would be the true ratio 
of the pressure change in the pipe, but if the pipe were to slope, 
h would give the ratio referred to Ho, but the ratio of the pres- 
sures in the pipe is really (H — y)/(Ho — y) where y is the eleva- 
tion of the point on the pipe above the outlet nozzle. See Fig. 1. 
Where the pressure changes are caused by stopping a pump, 
then the direct pressure wave travels in the same direction as the 
water and not in the opposite direction as is true when a valve at 
the discharge end is closed. Therefore, for the case of electrical 
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are always available. For example, under steady conditions Ho 
and Vo are always known and ho = 1 and % = 1 so that a point 
representing the starting conditions is readily placed. Here- 
after, time will be reckoned after the movement of the gate or 
other cause of disturbance begins, so that if a subscript is used 
after a letter to denote the time at which an event occurs at that 
point, then Ao is readily found on the H-V or h-v diagrams and 
gives the starting point for the plotting. 

Usually some other simple facts are available, such as the 
conditions at the reservoir. If it be large and remain level 
during the extremely short time of serious water-hammer effects, 
then all points representing conditions at the reservoir, that is 
all points C, are fixed on the line H = Ho orh = ho = 1. It 
will be advisable, however, to illustrate by some problems. 

A pipe of two diameters as shown in Fig. 2(a) draws water 
from a forebay and discharges through a gate or nozzle of vari- 
able area at A. This nozzle is closed in the somewhat irregular 
way indicated in Fig. 2(b) which represents, on a time base, the 
pipe velocities corresponding to the various gate positions, times 
being reckoned after gate closure begins; the discharges are for a 
constant pressure Ho on the pipe at the nozzle, and naturally for 
any other head the corresponding pipe velocity is found by multi- 
plying the velocities on the curve at this nozzle setting by 
V(H/Ho) = vh. For this case the h-v diagram will be used, and 
hence Apo is located at h = 1, v = 1 and, further, for the initial 
gate opening the pipe velocity ratio v for any other head than 
Ho will be represented by a point on a parabola with vertex at 
v = 0, h = 0 and which passes through Ao. The reservoir 
level is assumed fixed. 

The plotting is made for the data shown in Fig. 2, and without 
further information the values of a have been assumed, although 
for any pipe these may readily be computed by Equation [5]. 
In Fig. 3 the axes of h and v are shown, also Ao is readily placed 
and part of the discharge parabola through it (unnecessary in 
this case) has been drawn. Since the pressure wave takes 2 
sec to reach B and 8 sec to reach C, the points B: and C; are also 
located at Ao. But during the first second very little effect is 
produced on the velocity as is shown by the positions of Ai, Ag, 
As, and A, located as shown. The values of r used on Fig. 3 
have been scaled from Fig. 2(b); thus at 2 sec the velocity scales 
0.92V> or r = 0.92. The equations for the case may be written 
from Equations [11] to [14], inclusive, as follows 


hag — ha, = 2p:(¥49— vB2) 


hp, — hes = 2p2(vB2— 
he; — ha, = —2p2(vc3;— 
hp, — hag = 
hag — hay = 2p;(vs.— vB,) 
hee — hes = v05) 


and so on throughout the problem. Some of these equations 
represent an infinitely short line or point, others represent defi- 
nite lines as is shown in the Fig. 3. Here evidently the maxi- 
mum pressure at A reaches As which gives nearly the same pres- 
sure as sudden closure would have done, as will appear by in- 
spection since closure in 2L,/a; sec would have given the pressure 
A’. The pressures and velocities at A, B, and D in the center of 
BC are plotted in Fig. 4. The problem is solved for Hy = 500 ft 
and Vo = 8 fps, giving p: = 0.87 and p; has been taken as 0.35. 

In addition to the end points, the conditions at D in the 
center of BC are marked on Fig. 3 and should require little 
explanation. Such a point as D;,; is located from the equations 


hes —hos.s = —2p2(vc5 
and 
has — hos.s = + 
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and a similar reasoning applies to other points along the pipes. 


DiscHarGE Ling From Pump 


This type of problem occurs in so many forms that only a few 
cases can be considered. The first one will be a line from a pump 
to a reservoir but with an air chamber in the line close to the 
pump and with a valve between the chamber and pump. This 
arrangement is shown in Fig. 5 and the problem is similar to 
one solved by Bergeron (7); it is a very simple application of 
the theory being discussed. 

In this problem it was assumed that the valve was suddenly 
closed and a study of the pressures in the pipe at the air chamber 
were made. Full data are given on the drawing and the diagram 
is plotted with axes of h and v; air changes were assumed iso- 
thermal and friction has not been taken into account. The 
value of 2L/a for this pipe is 10 sec, and in such cases as this it is 
advisable to calculate points at much smaller intervals, the magni- 
tude of which are to be settled by experience; in any event the 
pressure drop in any interval should not be large, and further it is 
evident that at the beginning the pressure falls very rapidly 
and after that at a decreasing rate. Therefore, in this illustra- 
tion the intervals were one fifth of a second for the first second, 
then one half second and then one second, as shown in the 
figure. 

The calculation was made in the following way: Starting 
at the point h = 1, v = 1, the water-hammer line was drawn 
below the axis of v with a slope whose tangent is 2p = 
(2 X 3216 X 4)/(2 X 32.16 X 400) = 1. In 0.2 sec, taking 
the pipe area A the demand was 0.2AV = 0.2 A X 4 cu ft, all 
of which had to come from the air chamber since the valve was 
closed; hence, the water must have fallen by a distance (1/5) x 
(8/10) = 0.16 ft because the air chamber has an area five times 
that of the pipe. Due to the expansion of the air the pressure at 
C in the air chamber then fell to (2/2.16) X 424 = 392.6 ft abs 
or to 358.6 ft gage pressure, and the corresponding pressure at A 
was 358.6 + (10.00 — 0.16) = 368.4 ft, for which h = 368.4/400 
= 0.921; this located the point marked 0.2 on the diagram at 
which the velocity may be scaled as 0.921 corresponding to 
4 X 0.921 = 3.68 fps. 


Proceeding in this way down the same line the final point . 


10 on it was reached. The next point 10.2 was calculated in the 
same way, but is on another water-hammer line located as 
shown, and so on throughout the entire interval of 40 sec for 
which the calculations were made. The curious shape of the 
figure on the water-hammer diagram is interesting, and also the 
shapes of the pressure and velocity curves as shown on the right- 
hand diagram. While the period of the pressure wave in the 
pipe is 10 sec, the actual pressure and velocity curves are most 
irregular and have no definite periods as far as the calculations 
have been carried. 


Pump-DiscHarGe Linge AiR CHAMBER SOME DISTANCE 
From THE Pump AND ALSO FROM THE RESERVOIR INTO WHICH 
THE LINE DISCHARGES 


This is similar to the former problem, differing from it only 
with respect to the location of the air chamber. The line con- 
sidered is shown in Fig. 6, many of the dimensions being marked 
on this figure; the cross-sectional area of the chamber is four 
times that of the pipe, a = 2760 fps, Vo = 5 fps, and Ho = 300 
ft. The air changes in the tank are taken as being isothermal. 
The air chamber is shown at B’ in the center of the line which is 
5520 ft long so that L/a for the line is 2 sec, and for each part of 
it is 1 sec, and the diagram is plotted with axes of H and V for the 
case of sudden power failure. 

From the characteristic curve for the pump at full speed, 
and from a knowledge of the pump’s dimensions, it is possible 
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Fie. 5 Errecr or SuppEN VALVE CLosuRE BETWEEN THE Pump AND AIR CHAMBER SHOWN IN THE SKETCH 


to compute the speeds and hence the characteristic curves, for 
the pump for each 2 sec after power failure, and these have been 
plotted on the diagram and marked ne, ns, and so forth. (This 
pump has a flywheel.) The water-hammer line is drawn through 
AoB,C, with slope a/g = 85.7, and the points Az and A, are 
located; also B;’ coincides with A». However, at 3 sec, the 
pressures at B’ and B” are the same and are known, that is, 
there has been a fall in pressure from Ho to Ha;'; therefore, the 
air in the reservoir will expand and force out some of the water 
and Vg,” is greater than Va;’. The difference between them is 
easily found, for the air pressure Hp = Hp,’ — Z, from which 
Hp» is known, and hence the following relation may be written: 
(assuming atmospheric pressure to correspond to 34 ft water 
column) 


Hs,’ —2,+34 


which gives y,;; the volume of water expelled is then (y; — yo) 
x 4 X pipe area, this requiring an interval of 2 sec. The corre- 
sponding pipe velocity is therefore 2(y; — yo) which is the hori- 
zontal distance between B;’ and B,”. 

By a similar method the distances B;’—B;”", and so forth are de- 
termined and the diagram constructed. Of course, care must be 
taken to distinguish between Hs and Hp although for many prob- 
lems they may be equated, which saves much inconvenience in the 
work. When the flow reverses it is necessary to have the curves 
for the pump both when operating as a brake (that is without 
backward rotation of the impeller) and also as a turbine (where 
the impeller runs backward), but these problems need not be 
considered here. 

On the same diagram the pressures and velocities for the 
pipe without an air chamber are found from the dashed lines, 
and a comparison of the two results shows that in this case the 
air chamber is of little value and a larger air chamber would make 
little difference. The illustration has been given primarily to 
show how the graphical method may be used. 
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Pump-DiscHarcGe Line WHERE THE Water CoLtumN BREAKS 


This problem is illustrated in Figs. 7, 8, and 9 and represents 
a case, not unusual in practice, where the line is laid on a slope 
from A to B and then horizontal from B to C. The pipe has 
been assumed of uniform diameter and thickness so that a is 
the same from end to end and was taken as 3300 fps, the velocity 
in the pipe under steady conditions being 4 fps. These condi- 
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tions give a value p = (3300 X 4)/(64.32 X 260) = 0.79. Sup- 
pose the pump was working at steady delivery and the driving 
power suddenly failed, then the pump would begin to slow up 
at once and the pressures would fall at A and B and all other 
points along the line. At B the normal pressure in the pipe was 
90 ft, and as long as the pressure at this point did not fall more 
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0.64, air would be admitted at B and the column would part 
there, the constant pressure at this point being 4 ft below atmos- 
phere. The water-hammer diagram, using axes of h and », has 
been drawn on Fig. 9 along with the characteristic curve of the 
pump at full speed, so that AoB,Cio is located, and the line h = 
0.64 is drawn as shown. From a knowledge of the pump’s 
characteristics it is not difficult to compute the speed at any 
number of seconds after power failure, and thus a set of head- 
discharge curves may be drawn by well-known methods; the 
one at speed ns, reached in 0.4 sec, which crosses the water- 
hammer line at h = 0.64 has been found by trial. A number of 
these pump curves have been drawn on the diagram, with the 
speed corresponding to each, and the number of seconds re- 
quired for the pump to fall to this speed is marked on each 
curve. This locates Ao, Ao1, Ao.2, and Ao.4, and so on, also B,, 
Bia, Bi.2, and B,.4, and since the pressure at B is fixed at h = 
0.64, the point B;.4is also Bis, since the latter point lies on the line 
through Cy. The separation occurs in 0.4 sec. 

The two columns now pursue independent courses, and re- 
ferring first to BC, the water-hammer lines are drawn above h = 
0.64 as indicated and the free end toward B of this column re- 
treats a distance (0.76 + 0.30) X Vo X 18 sec = 76.3 ft from the 
bend. On the other hand, the end toward B of the column AB 
passes the bend by (0.76 + 0.09) X Vo X 2 sec = 6.8 ft, then 
returns, and a space containing only air exists in the pipe; its 
length is 76.3 ft. The direction of flow in BC would then reverse 
and the water would gain considerable speed before fill- 
ing the space again, but when it did catch up to the 
column in AB the shock would be very severe. If 
a reservoir containing enough water to fill the space 
were available at B, then on the return the water col- 
umns would not acquire any serious velocity and 
consequently water hammer could not produce a 
pressure at B in excess of {1 + (1.00 — 0.64)|H) 
AsB, Cio = 1.36 Ho, which would not be dangerous. The 
structure necessary to provide this water would be 
rather expensive and difficult to execute, partly be- 
cause of the large volume of water to be admitted 
quickly, and in general the plan is not justified. 

Any attempt to use the air between the columns 
as a cushion is also ineffective, as will readily be seen 
on examination. 

However, the use of properly designed valves at 
A and B, at relatively low cost and small incon- 
venience, would eliminate all of the danger. 

Dealing first with the section BC and the part near 
B, suppose that a valve was placed between B and ( 
but so close to B (somewhat more than 76.3 ft from it) 
that water always flowed through it, i.e., it would be 
as close to the final end of the column as possible. 
Of course it should be placed on a part of the line 
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than 90 ft the pressure at B would be positive. However, for a 
greater pressure drop the pressures would be negative reaching 
the maximum negative value of 34 ft for a drop of 124 ft; for this 
drop in pressure the water column would part for a time, but 
later on the columns would reunite and cause very serious, if 
not dangerous, water hammer. 

It would be good practice to prevent any vacuum exceeding 
say 4 ft at B, and if an air-inlet valve were put there this condi- 
tion could be maintained. That is to say, when the pressure at 
B fell 94 ft, or when hg reached the value hs = (260 — 94)/260 = 
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rising toward B. Fig. 9 shows that water would 
continue to flow toward the reservoir for 37.1 sec, 
after which it would begin to flow toward the 
pump. The placing of a valve which would close 
so as to prevent any return flow of water toward the 
pump, would prevent a pressure rise at the reservoir side of the 
valve in excess of (1.00 — 0.64) Ho = 0.36 Ho. The operation 
of this valve becomes quite simple in a long line such as is 
described here, because closure would actually be slow, and eve? 
if a small volume of water escaped past the valve the pressure rise 
could be kept very low; if difficulty were found in providing 
a suitable valve, one could be used which closed before the flow 
toward the reservoir had completely stopped, provided a much 
smaller by-pass valve was installed to let water through toward C; 
the small valve would then close quickly to prevent return flow. 
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The dashed parabola above h = 0 .64 in Fig. 9 corresponds to a 
by-pass without a valve and with a discharge at 94-ft head 
equal to 4 per cent of the pipe. Such an arrangement gives the 
pressures B"37.4~55, B"s5.1, and so on, the highest being B"s5.2 corre- 
sponding to h = 1.28. Return flow at any considerable velocity 
should be avoided. 

For the lower column AB a valve would be necessary at A 
and if possible it should close at the instant reverse flow began, 
in which case the pressure rise at A would not exceed 0.64 Ho 
above 166 ft, i.e., the total pressure at A would not exceed 
166 + (0.64 X 260) = 332 ft. However, the section AB is rela- 
tively short, having a value L/a = 1 sec. Consequently, the 
closure of the valve at A would have to be quick and it would 
need to be very accurately timed or else high return velocity, 
accompanied by severe shock, would be attained. Therefore, 
it will be necessary to give this further study. 

In the first place the discharge characteristics of a proposed 
valve would have to be known, and for lack of better data a 
curve for a valve has been assumed in Fig. 8; this is quite 
similar to that for a common gate valve, and the diagram is 
drawn on the axes of relative pipe velocity against distance 
traveled (or angle turned) by the valve, the head on the valve 
remaining constant at Ho = 260 ft. It will now be assumed that 
the valve is closed at uniform rate in 4 sec after power failure 
so that the base represents both time and distance or angle 
traveled by the valve. From Fig. 8 a series of parabolas was drawn 
on corresponding to the times for the values of A noted 
on Fig. 9 and the water-hammer lines have been drawn there. 
These show that with the law of closure adopted here the pressure 
rise at A would not exceed 40 per cent which would occur 5.4 
sec after power failure and could not be considered dangerous 
ordinarily. It is assumed that this valve is above a quick- 
closing check valve, and discharges into the pump. 

In a case like this the reverse procedure might be adopted, 
that is, the maximum water pressure to be allowed might be 
decided upon and then a valve- 
closure law could be drawn to fit 
the case. Almost any form of 
valve-closure law may be obtained; 
for example, the valve may be 
closed by servomotor and the oil 
supply to this may be so regu- 
lated by pilot valve and cam as 
to fit any case desired in the same 
manner as used in water-turbine 
governors; however, a much sim- 
pler construction can be used here. 


Water Hammer Due tro Cnar- 
TERING OR SLAMMING OF VALVES 


This problem should be con- 
sidered in the present series as it 
affects pumping lines and all pip- 
ing, often seriously. A very large 
number of valves of various makes 
have a loose connection between 
the stem or operating spindle and 
the piece that performs the func- 
tion of changing the area; for ex- 
ample, the disks of gate and globe 
valves are always free on the 
stems of the valves, for obvious 
reasons. Other valves having a 
rigid connection have a slight play 
of spindle or stem in its bearings or 
spindles which bend under pressure. 
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Fig. 10 Water HAMMER DveE TO THE CHATTERING OF A VALVE 
WHEN ONE CLOSED 


{(a) When the period of oscillation of the valve is the same as that of the 
pipe; (b) when the period of the valve is different from that of the line.] 
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Fie. 11 Water Hammer Due To Cuarrerine or A VALVE WHEN NEARLY CLosED 


[(a) When the period of oscillation of the valve is the same as that of the pipe: (b 
the valve is different from that of the line.) apie 
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All such valves are subject to chattering for certain settings, 
sometimes when partially closed and quite frequently when 
nearly closed; in the latter case, very rapid repetitions of closure 
and slight opening may occur or else the valve may slam down 
on its seat. Whichever happens, rapid, though possibly slight, 
velocity changes occur. A study of their effect will now be made, 
and for simplicity the case of uniform value of a and constant- 
level reservoir will be assumed. The first case will be one of 
chattering of a partly closed valve as shown in Fig. 10, where 
complete closure would occur in three intervals but where the 
valve has been stopped at the end of the first interval and 
chattering of the valve allows the discharge to fluctuate between 
the values shown by the parabolas 7; and r’; the distance be- 
tween these is abnormally large in order to clarify the drawing. 

Case (a). Where the period of oscillation of the valve is 
the same as that of the pipe, resonance occurs with the result 
shown in Fig. 10(a). The exact shape of this diagram depends, 
of course, on the value of p, and on the setting of the valve at 
which the chattering occurs. 

Case (b). Where the period of the valve is different from 
that of the line, as is not unusual, the diagram will be as shown 
at Fig. 10(b). In this case the valve has a period one half longer 
than the pipe, and the corresponding diagrams have been plotted 
on this assumption. It is for the same general data as Fig. 10(a) 
drawn to the same scale. 

The next diagrams, shown in Fig. 11, are similar to those of 
Fig. 10, but are for cases where chattering occurs when the valve 
is nearly closed. The diagrams in Figs. 11(a) and 11(b) are for the 
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valve periods shown on Figs. 10(a) and 10(b). “Slamming” of the ~ 
valve under similar circumstances cannot produce greater water _ 
pressures than chattering, although of course the mechanical 
shock on the seat may not be the same. 

In all of these cases the pressure builds up rapidly. 
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Hydraulic Phenomena in Fuel-Injection 
Systems for Diesel Engines 


By KALMAN J. DeJUHASZ,! STATE COLLEGE, PA. 


The author compares the problems of water-hammer 
phenomena with those of fuel-injection surges. He also 
presents a graphical method for analyzing the pressure 
and velocity conditions and shows how it is applied to 
representative examples of injection systems with a timed 
valve, and those with a timed pump. In the latter group 
the action of “open” and “‘closed’’ nozzles is explained. 
Singular cases of injection conditions are analyzed. The 
effect of enclosed volume and of included rigid masses is 
examined. Various methods of terminating the injection 
are discussed. 


UEL OIL is introduced invo the cylinder of the solid-injection 

Diesel engine in accurately measured doses in the form of a 

fine spray. This involves a frequent starting and stopping 
of the liquid flow which gives rise to transient phenomena closely 
akin to the water hammer occurring in hydraulic conduits. These 
phenomena greatly influence the characteristics of the injection 
and thereby influence the performance of the engine. Therefore, 
a knowledge of them is important for the rational design of fuel- 
injection systems. 

For satisfactory engine performance the injection system must 
accomplish accurate metering and correct timing, and must con- 
sistently discharge at a constant rate. The system should also 
permit variability in timing and metering as the load and speed 
of the engine vary. 


COMPARISON OF INJECTION SysTeEMsS WiTtH HypRravLic 


In so far as injection systems and hydraulic conduits involve a 
disturbance in the equilibrium condition of a liquid flow, the in- 
jection process and the surges in hydraulic conduits are related 
phenomena obeying the same basic natural laws. However in 
hydraulic conduits attention is focused on the forces and stresses 
to which the structure is subjected, while the velocity and quan- 
tity of discharge during the disturbance of flow are mostly of 
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secondary importance. In fuel-injection problems the opposite 
is the case. The time rate of discharge, the velocity and pressure 
changes, and their consistency or inconsistency between succes- 
sive injections are the features of primary importance, while 
strength considerations are of secondary importance. 

The range of pressures, velocities, time elements, and pipe 
dimensions in the two groups of phenomena are wide apart. In 
some respects the conditions in the injection systems are simpler. 
Thus, the wall thickness of the pipes employed is so large in com- 
parison to the diameter that the pipes can be considered rigid, the 
speed of propagation of a disturbance depending only on the 
liquid and remaining constant all along the pipe. On the other 
hand, into an injection system several elements, such as storage 
spaces and moving rigid masses (spring-loaded nozzle valve), are 
embodied which exert an influence on the resulting flow phenom- 
ena. For all these considerations the equations, diagrams, and 
methods developed for water hammer are not suited for fuel-in- 
jection problems in their original forms, but have to be adapted 
to the particular conditions and purposes characterizing the fuel- 
injection systems. 


PuRPOSE AND METHOD OF ANALYSIS 


After the type of injection system has been chosen from con- 
siderations of the service to which the engine is to be placed and 
the main dimensions (plunger diameter and lift, length and di- 
ameter of the pipe, type and size of the nozzle, injection pressure to 
be used, and a number of other design data) have been deter- 
mined by calculation or assumed on the basis of past experience, 
the designer can then determine (1) the metering, (2) the timing, 
and (3) the rate of discharge for those engine-operating condi- 
tions, i.e., (a) load and (6) speed, at which the engine will be 
mostly used and for which the optimum performance is desired. 
This done, the designer wants to know: (A) How the factors (1), 
(2), and (3) are influenced when factors (a) and (6) are changed; 
(B) what the effect on (1), (2), and (3) will be if the pipe length, 
pipe diameter, nozzle area, and injection pressure are altered in 
comparison with the initially assumed or determined values; and 
(C) how the consistency between successive injections will be in- 
fluenced. These questions can be answered by means of an ana- 
lytical or graphical analysis. 

In this paper a graphical method of analysis is used, based on 
the fundamental considerations and natural laws as are used in 
dealing with hammer phenomena. Friction in the pipe due to 
viscosity and the effects due to leakage are neglected. Briefly, 
the method consists in the determination of the flow coordinates 
(velocity in the pipe and pressure in the pipe) for successive time- 
intervals of reflections in a v-p diagram, and in the determination 
of the time and location in the pipe at which a given flow condi- 
tion exists in a t-x diagram. From these diagrams, two solid 
diagrams (stereograms) can be constructed, one for the velocity 
v and the other for the pressure p, both erected over the time- 
distance (/, z) plane asa base. With the aid of this representation 
a mental image can be formed of the seemingly complicated 
changes of the four coordinates v, p, t, and z; and a clear visuali- 
zation of the influence of alterations on the originally assumed 
conditions is possible. 

A full explanation of this method has been given in a previous 
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paper? by the author and therefore it will be omitted in this 
paper. 

A number of representative examples will now be treated in 
some detail. 


INJECTION SysTeMs TIMED VALVES 


An injection system with a timed valve consists essentially of a 
storer of volume R, a nozzle of area f, and a connecting pipe of 
area F and length L. The nozzle is opened and closed by a cam- 
actuated valve driven from the engine shaft. The injected quan- 
tity is regulated either by (1) keeping the storer pressure sub 
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Fig. 1 C#art or Timep-VALVE INsEcTION WITH INFINITE STORER 
ror Various Ratios oF Pipe AREA TO NozzLE AREA 
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stantially constant and altering the duration of injection, or (2) 
keeping the duration of opening constant and altering the storer 
pressure. Hydraulically, both systems bear a basic similarity to 
one another. 

The graphical analysis of such a system is given in Fig. 1. A 
storer pressure of 4000 lb per sq in. and a pressure in the engine 
cylinder of p, = 400 lb per sq in. are assumed. A fuel oil with 
a modulus of elasticity k = 276,000 lb per sq in. and an acoustic 
velocity of a = 4600 fps is assumed, giving a k/a ratio of 60. 
Constructing a v-p chart the directrix with tan a = 60 is drawn. 
The storer is assumed to have a large volume (R = ©), so the 
pressure drop due to the efflux of liquid is neglected. Assuming 
an F/f ratio of 20, the nozzle characteristic (velocity in the pipe 
at the nozzle end) can be constructed from the efflux equation 


vy = x 624 Pe rA p—p,---{i) 
where 
[29 x 144 
A= (as) 
62.4 ) 10 [2] 
This parabola is drawn in the v-p chart as a solid line. For the 


sake of simplicity an instantaneous opening and closing of the 
nozzle is assumed. Furthermore, the variation of the back pres- 
sure in the engine cylinder during the injection period is neglected. 
Actually, owing to the progress of compression and combustion, 
the back pressure undergoes a change with reference to its as- 

? “Transient Phenomena in Linear Flow,’ by K. J. DeJuhasz, 


Journal of The Franklin Institute, vol. 223, April, 1937, pp. 463-493; 
May, 1937, pp. 643-654; and June, 1937, pp. 751-778. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


sumed constant value of p, = 400; but, in view of the assumed 
high injection pressure such variations are of secondary impor- 
tance. 

On the basis of these simplifying assumptions, the efflux veloci- 
ties and pressures are defined by points on the efflux parabola, 
obtained by intersecting it with lines of + tan @ as shown on the 
chart. The stereograms of velocity and of pressure are shown in 
axonometric representation on Fig. 2, from which the conditions 
of flow for all points in the pipe and for all instances of time can 
be clearly visualized. For the purposes of the study of injection, 
however, the history of velocity vy and of pressure py at the 
nozzle end of the pipe is sufficient, and this is shown in Fig. 3, 
each value of vy and py being valid for a time element of 2L/a. 
The line vy also represents, on a different scale, the rate of dis- 
charge. 


Fie. 2 STEREOGRAM OF VELOCITY AND OF PRESSURE FOR TIMED 
VALVE INJECTION, ACCORDING TO Fia. 1 For F/f = 20 


lime 


Fie. 3 History DiaGRAM OF PRESSURE AND VELOCITY AT THE 
Nozzie ENp oF THE Pipe 


The conclusions to be drawn from these diagrams are as follows: 
The efflux velocity converges toward the value of stationary flow 
corresponding to the storer pressure, the velocity of the successive 
surges being alternately above and below this limiting velocity. 
Shortening the pipe shortens the duration of the L/a interval, 
and therefore increases the number of surges in a given time. 
This brings the mean velocity of injection closer to the stationary 
value corresponding to the storer pressure. 

Increasing the pipe area F and keeping the other variabies con- 
stant can be represented in the chart by constructing efflux 
parabolas corresponding to the altered F'/f ratio. This has been 
done in Fig. 1 for the F/f ratios of 10 and 40. It is seen that with 
the wider pipe the pressure fluctuations are of less absolute mag- 
nitude but converge slower toward the static value than is the 
case with a narrower pipe. 
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Instead assuming instantan¢ous opening and closure, the flow 
phenomena could be depicted in the v-p diagram also for gradual 
opening and closure corresponding to the actual manner in which 
such operations are performed. For each time-element in this 
case, the efflux parabola corresponding to the nozzle area ratio 
F/f, valid for that respective time-element, has to be constructed. 
The efflux points will then lie not on one parabola, but instead 
each one will lie on a different parabola valid for its respective 
time interval. 

Futhermore, in the v-p diagram the changing of the back 
pressure could also be given consideration. In this case, the 
points would again lie on different parabolas, all of the same 
shape, but with their apexes located on that p, point which cor- 
responds to the back pressure existing in the cylinder at that 
particular time interval. 

Another important characteristic of such an injection system 
is its consistency. After the injection valve is closed (which is 
effected by the cam in a positive manner) the injection definitely 
ends. The surges continue in the pipe but can be assumed to be 
damped out before the next injection begins. The next injection 
starts from the same initial conditions, provided the storer 
pressure is kept constant. 

In actual cases, the storer does not have an infinite volume; 
therefore, the storer pressure is reduced by the injection. The 
reduction of pressure during one L/a interval is proportional to 
the velocity of efflux. The storer characteristic is not a p = 
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const line as in the case previously dealt with, but as pointed 
out by the author in a previous paper? has a slope of 


The construction of the v-p chart for such a case is shown in Fig. 
4, assuming a ratio 


R+LF 4 


DirFERENT TyPes OF PRESSURE VARIATIONS 


Referring again to the case of an infinite storer, Fig. 1, it is 
seen that the pressure at the nozzle in alternate 2L/a intervals is 
first below and then above the storer pressure. This is not neces- 
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sarily the case, however, since several types of pressure variations 
are possible according to the magnitude of the storer pressure, as 
shown in Fig. 5. 
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Fic. 5 CHART oF TIMED-VALVE INJECTION FOR PARTICULAR VALUES 
oF STORER PRESSURE 


A critical point on the efflux parabola is A, the intersection 
with the k/a directrix drawn from the apex, the coordinates of 
which can be expressed as 


and 


In the present example v4 = 60; p4— p, = 3600; and p, = 
4000. 

Case I. There is a critical pressure pg, corresponding to point 
B on the efflux parabola, at which the second surge restores the 
pressure to the full value of the storer pressure, and efflux takes 
place henceforth with the stationary velocity corresponding to 
the storer pressure. The coordinates of this fow condition are 


6 
and 
4 
Pa— Pe = 5 (Pa — Po) rere [7] 


In this example vg = 40; pg — p, = 1600; pg = 2000. 
Case II. The coordinates of the point D, at which the tangent 
of the efflux parabola is a directrix, can be expressed as 


1 
v= 274 [8] 
and 
1 
Pp — Pc = (Pa — Pe) [9] 


In this example vp = 30; pp — p, = 900; 
The following cases can be distinguished: 
Case III. If the storer pressure p S pp, then the efflux pres- 

sure never exceeds the storer pressure. 


ip = 1300. 
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Case IV. If the storer pressure pp < p < pz, then in the later 
intervals of efflux the efflux pressure exceeds the storer pressure. 

Case V. If the storer pressure p > pg, then in every alternate 
double interval of efflux, the efflux pressure exceeds the storer 
pressure. 

These cases can be applied also to hydraulic reservoirs, pen- 
stocks, and gates. 


InsecTION Systems Timep Pump 


Essentially such systems consist of a pump characterized by 
its rate of delivery, of a nozzle of area f, and a connecting pipe of 
length L and area F. 
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Fie. 6 Cart or Pump INJEcTION FOR VARIOUS RATIOS OF PIPE 
AREA TO Nozzue (F/f = 40, 30, anD 20), FoR AN OPEN NozzLp 


Fig. 6 represents the graphical analysis of such a system. A 
cylinder back pressure of 400 lb per sq in., a fuel oil with a ratio 
of k/a = 60, and a ratio of F/f = 30 are assumed. 

For an engine cylinder of 4.375 in. bore and 5.25 in. stroke 
( a volume of 79 cu in.), the fuel to be injected at full load is 
0.004 cu in. Assuming an engine speed of 1200 rpm and a 
duration of pump delivery of 20 deg crank angle, the time dura- 


tion will be 0.002775 sec. With a pipe length L = 2.12 ft, the — 


interval of single traverse will be L/a = 0.00046 sec, so that the 
period of pump delivery is equivalent to 6(L/a). Other data are: 
Plunger diameter = 0.275 in.; plunger area = 0.0594 sq in.; 
effective plunger travel = 0.066 in.; pipe diameter = 0.08 in.; 
pipe area = 0.00503 sq in.; nozzle diameter = 
nozzle area = 0.0000165 sq in.; and the ratio of plunger area: 
pipe area:nozzle area = 360:30:1. 

The performance of this system under the foregoing specified 
conditions, together with deviations from these conditions, will 
be investigated. 


Oren Nozze 


In Fig. 6 the v-p diagram is given for n = 1200 rpm and for 
pipe areas corresponding to F/f = 40, 30, and 20. The pressures 
and velocities at the nozzle are shown as a function of time in 
Fig. 7. 

For a complete visualization of the flow, two solid diagrams, 
one for the velocity and one for the pressure, have been con- 
structed and are shown in Fig. 8. Comparing the effect of alter- 
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ing the pipe area, it is seen that the narrowest pipe gives the most 
rapid pressure rise during delivery and the most rapid decrease of 
pressure after delivery has ceased. 

Fig. 9 shows the effect of changing the pump speed. Three 


speeds of 900, 1200, and 1800 rpm are considered. The history i 


diagram of the velocity and of the pressure is given in Fig. 10 as 
a function of time and in Fig. 11 as a function of crank angle. 


It is seen that, in terms of time, the velocity of discharge in- e 


creases with increasing speed. In terms of crank angle, however, 
the injection of a given amount of oil takes a larger crank angle 
at high speeds. The chart shows also the increase of the injection 
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Fie. 8 STeREOGRAM oF VELOCITY AND PrREssuRE FOR 
InsecTIon, AccorDING To Fia. 6 For F/f = 30 


Dig 


I 


| 
a 

2 4 6 8 0 
Sige 
= 20: H 
i_ 30 || 

1000 

be 


(b) 
OLLLE 


HYDRAULICS 


4 
3 

3 
S$ 
§ 
£ 
al ~ 

5 00 t5§ 20 25 30 35v 
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lag (elapsed crank angle between the beginning of pump delivery 
and the beginning of nozzle discharge) with increasing speed. 
AFrTEeR-DRIBBLING 


Again, in this analysis, the change of back pressure during the 
period of injection is neglected. This does not affect much the 
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flow phenomena in the vicinity of the compression end of the 
stroke during which the bulk of the charge is injected, but it has 
an important influence during the end of the expansion stroke 
when the cylinder pressure is near atmospheric pressure. Fuel 
which issues from the nozzle at low pressure (and hence at low 
speed) is not atomized sufficiently, and it has a detrimental effect 
on the nozzle orifice (clogging, formation of carbon deposit). 
This phenomenon is called “after-dribbling.” In seeking the 
criterion of sharp cutoff of injection, it must be borne in mind 
that no more outflow will take place after the liquid in the pipe 
has attained zero velocity. This criterion is illustrated in Fig. 12. 
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Whenever the velocity and pressure of the liquid column cor- 
responds to a point in the shaded area in Fig. 12, and is reflected 
toward the plunger (which is standing still) , there will be no more 
efflux from the nozzle. This consideration favors the use of 
narrow pipe (F/f small), as is evident from Fig. 12. 


DIFFERENT Types OF VELOCITY VARIATIONS 


According to the magnitude of the rate of pump delivery several 
types of velocity variations in the efflux are possible, as indicated 
in Fig. 13. 
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Fie. 13 CHartT oF Pump INJECTION FOR PARTICULAR VALUES OF 
PLUNGER VELOCITIES 


Case I. If the rate of delivery is such that the velocity in the 
pipe at the pump is equal to the v, value (the coordinates of 
the point A are given in Equations [4] and [5]), then there will 
be no reflection at the nozzle, and the efflux velocity will be the 
same during the total period of injection. In this example v, 
15; Pa — Pe = 900; pa = 1300. 

Case II. Another critical point on the efflux parabola is E for 
which equilibrium condition is attained with the second surge, 
after which no further reflection takes place. The coordinates of 
this point are 


and 
Pe — = 0.193 (pa — P-) 


In this example vg = 6.6; pg — p, = 174; pg = 574. 


Case III. If the rate of pump delivery were such that vp 2 v4, 
then the efflux velocity would never exceed the rate of pump 
delivery. 

Case IV. If the rate of pump delivery were such that v4 > vp 
> vg, then the efflux velocity would exceed the rate of pump 
delivery in all intervals of pump delivery. 
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Case V. If the rate of pump delivery were such that vg > vp, 
then the efflux velocity, in successive 2L/a periods, would be 
alternately greater and smaller than the rate of pump delivery. 


CLosED Nozz.Les 


From the point of view of engine operation an important draw- 
back of the open nozzle is the slow flow at the end of the injection 
period, resulting from the low pressure at which the last portion 
of the injection takes place. The closed-type nozzle was intro- 
duced to avoid this fault, and its various modifications have found 
an ever-increasing application in engine construction. 

In this type of nozzle a spring-loaded valve keeps the nozzle 
orifice closed until the oil pressure attains the valve-opening 
pressure (VOP). Increasing oil pressure lifts the valve farther 
and thus increases the effective opening until the nozzle valve 
comes to a limiting stop. Above this pressure the nozzle acts 
virtually as a constant orifice. Now if the pressure be decreased, 
the valve will descend gradually and at the valve-closing-pressure 
(VCP), it comes to its seat again. Because of the difference of 
the area acted upon by the fluid pressure when the valve is 
closed, as compared to the area when the valve is open, a greater 
pressure is needed to open the valve than to keep it open; hence, 
the valve-opening pressure is greater than the valve-closing pres- 
sure. The characteristic of such a nozzle in the v-p diagram is 
represented by a parabola, the apical portion of which is truncated 
by twolines. The one originating from the valve-opening pressure 
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must be used when the nozzle is not yet open, and the other, origi- 
nating from the valve-closing pressure, must be used when the 
nozzle is already open. The graphical analysis of the injection 
lasting 6L/a intervals is given in Fig. 14. In this example a ratio 
of F/f = 30 is assumed in the full-open condition of the valve 
The valve-opening pressure VOP = 1200, and the valve-closing 
pressure VCP = 900. Itisseen that in comparison with the ope? 
nozzle, the slow dribbling end of the injection is cut away and the 
mean pressure of the injection is higher than in the case of the 
open nozzle. It is also seen that the pressure at the beginning af 


the injection (400 lb per sq in.) is not necessarily equal to the | 


pressure at the end of the injection (750 lb per sqin.). N eglecting 4 
leakage between the periods of injections, the next injection ® ~ 
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defined by the directrix tangent to the injection characteristics, 
i.e., 580 lb per sq in. and the valve-closing pressure, i.e., 900 lb 
persqin. Within this range, therefore, a variation is possible; 
and this defines the degree of consistency between the successive 
injections. 

The phenomenon of buzzing or chattering of the needle valve 
may arise at a low velocity of pump delivery. This is illustrated 
in Fig. 15. For alternate 2L/a periods the nozzle is open and 
then again closed. If, in this case, one injection period lasts only 
for a 2L/a period of time or less, then every alternate injection 
will be missing, and the phenomenon of eight-stroking in the 
engine will take place as illustrated in Fig. 15c. With further low- 
ering of the velocity of the pump delivery and decreasing its dura- 
tion, the injection will be missed even more frequently. Thus, 
it is seen that in the case of a “‘closed’’ nozzle, there is a limit to 
the amount which can be injected regularly without missing. 
This amount depends on the velocity of pump delivery—at high 
speed the injectable minimum is less than at low speeds. 


EFFECT OF ENCLOSED VOLUME 


In pump-injection systems, an enlarged volume adjoins the pipe 
which contains the spring for the delivery valve. Sometimes 
another enlarged volume is attached to the other end of the pipe 
(e.g., a fuel filter). These volumes act.as storers and thereby 
modify the injection process. 

Figs. 16a and 166 show the graphical analysis of an injection 
system containing a storer between the pump and the pipe. It 
is seen that the presence of the storer reduces the velocity of injec- 
tion, and the approach to the pump rate of discharge is less rapid 
than in a system without such an enlarged volume. 


Errect oF Movine Ricip Masses 


Rigid masses acted upon by the liquid pressure partake in the 
velocity change of the liquid column. The graphical analysis of 
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Fic. 16 Cuart anp History D1aGRAM For Pump INJECTION WITH A 
Storer ADJOINING THE Pump 


such elements, called “swingers,” has been fully explained in 
another paper? by the author. The nozzle valve contained in 
the closed nozzle is such a swinger. In the present investigation 
only the time required for the fuel pressure to open the nozzle 
valve and whether the opening time is sufficiently long to im- 
portantly influence the injection process are considered. The 
following data will be assumed: 

Nozzle-valve diameter d = 0.25 in., and area f = 0.05 sq in.; 
Weight of nozzle valve and adjoining parts (stem, spring plate, 
and one third the weight of the spring) = 0.1 lb; mass of nozzle 
valve and adjoining parts, m = 0.0031; force acting on the nozzle 
valve at the moment it leaves its seat, P = f(VOP — VCP) = 
0.05 (1200 — 900) = 15 lb; acceleration a = P/m = 4850 fps 
per sec = 58,000 in. per sec per sec; travel of nozzle valve (limited 
by stop) s = 0.02 (assumed); and time needed for nozzle-valve 
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travel (assuming uniform acceleration ) t = 2s/a = 0.000835 sec. 

According to the conditions assumed in a previous example, 
the interval of single traverse was L/a = 0.00046 sec. There- 
fore, under similar conditions the full valve opening would be 
accomplished in less than 2 intervals, even at very low plunger 
velocities. At high plunger velocities, the pressure of the wave 
will greatly exceed the valve-opening pressure VOP; hence, the 
accelerating force will be correspondingly higher and the time of 
complete opening correspondingly shorter. Therefore, in the 
assumed example, the inertia of the nozzle valve will affect only 
the first and last two intervals of the injection. 


TERMINATION OF INJECTION 


The injection can be terminated in several ways, each of which 
can be suitably represented in the v-p diagram as shown in Fig. 
17, and in the history diagrams shown in Fig. 18. 

(a) Termination by Stoppage of Flow at Pump. This can be 
effected by a stoppage of the plunger, or by any other way of 


(a) 
Fie. 19 INTERRUPTED DiscHarGE WITH OrEN NozzLE AND NONRE- 
TRACTING DELIVERY VALVE ATA Pump DELIverRY PEeRIop Less THAN 


2L/a. Two INTERRUPTIONS OccuR as SHOWN IN (b) 
terminating the pump delivery, provided a delivery valve of 
negligible lift is used. This method of termination is represented 
in Fig. 17 by the flow coordinates of the pump end of the pipe 
being located on the v = 0 line, that is, line a. In the previous 
examples this method of termination was assumed. The end of 
discharge is characterized by the pressure diminishing in steps, as 
shown by Fig. 18a. 

(b and c) Termination by Return Flow at the Pump. This is 
effected by opening a spill-orifice which establishes a communica- 
tion between the pump space and another space of lower pressure, 
provided no delivery valve is interposed between the pump and 
pipe. If the spill-orifice is small this method is equivalent to add- 
ing a second orifice at the pump end of the pipe, and the flow- 
coordinates will be located on the efflux parabola valid for this 
second orifice, as shown by line b in Fig. 17 and also by Fig. 18b. 
If the spill orifice is large, then it can be assumed that the pres- 
sure at the pump end of the pipe will immediately attain the pp 
value of the spill space as shown by line c in Fig. 17, and also 
by Fig. 18c; therefore, the flow coordinates will be located on 
the pz line. The injection comes to an end when the pressure at 
the nozzle end of the pipe sinks below the back pressure (in 
open nozzles), or below the valve closing pressure (in closed 
nozzles). 

The final pipe pressure in both cases, b and c, is the pressure of 
the spill space. Therefore, both these cases would be operable 
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only in conjunction with a closed nozzle, which acts virtually as 
the delivery valve and prevents the entrance of cylinder gases” 
into the pipe. Because of the wide range of pressure fluctuations , — 
in the pipe and in the pump space, and to other engineering 
considerations, neither of these methods is used in practice, and 
both are of only academic interest. 

(d) Termination by Return Flow With Subsequent Stoppage 
of Flow at the Pump. This can be effected by methods (0) and (c) 
with the interposition of a retracting type of delivery valve be- 
tween the pump and the pipe. Actually every discharge valve with 
non-negligible lift has a certain retracting effect. This method is 
equivalent virtually to the plunger of the retracting valve with- 
drawing liquid from the pipe, the plunger motion depending on 
the pressure difference between the two sides of the valve. | 
Assuming this velocity constant (actually it would be variable), ’ 
its representation in the v-p chart is shown in Fig. 17 by line d 
and also in Fig. 18d. This method of termination is widely used 
in engineering practice. 

In actual injection systems the method of terminating the 
injection is modified by the gradual rather than instantaneous 
opening of the spill orifice, by the pressure in the spill space being 
altered by the spilled liquid, by the varying velocity of the re- 
tracting valve, and by the other secondary influencing factors. 
Therefore, the foregoing four cases have been dealt with only in 
an approximate manner, and serve mainly to give a qualitative 
mental picture of the phenomena which occur. 


INTERRUPTED DISCHARGE 


Under certain conditions the termination of injection is char- 
acterized by a gap or break in the continuity of flow. Interrupted 
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Fic. 20 Cuart ror INTERRUPTED DiscHarGs 
AND RETRACTING DELIVERY VALVE 


[Interruption will occur if (1) the duration of the motion of the delivery a 
valve is less that 2L/a, and (2) first ae, wave D” is located in ares 


discharge is similar to the afterdribbling previously discussed. 
Both are detrimental to engine operation and should be avoided. 
With the aid of the graphical analysis, a complete explanation o! 
these phenomena can be given. Only a brief outline of the analy: ~ 
sis for the two methods of termination (a) and (d), discussed in 
the previous paragraph, will be given. “a 
(a) Termination by Stoppage of Flow. Interruption can occu! 
if the pump delivery lasts less than a 2L,/a interval. If the velo ~ 
ity of pump delivery into the pipe is high enough, then several — 
interruptions may take place. This case is represented in Figs: 
19a and 19b for an open nozzle (two interruptions). For a cl 
nozzle similar considerations prevail. g 
If the pump delivery period is longer than 2L/a but not an int 
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6) 


Fig. 21 CHART FoR INTERRUPTED DiscHARGE WitH CLosED NozzLe 
AND RETRACTING DELIVERY VALVE 


ger multiple thereof, then the termination of the injection will 
be fluctuating, but there will be no interruption of flow. 

(d) Termination by Return Flow With Subsequent Stoppage of 
Flow. Interruption of flow is possible even if the flow has been 
steady preceding the end of pump delivery. In the example, 
Fig. 20, an open nozzle and a “retracting” valve moving with 
a constant velocity for a length of time At < 2L/a are assumed. 

Two waves of termination are thus initiated at the retracting 
valve, one characterized by point D (corresponding to the veloc- 
ity of retracting) and another by point D, situated on the same 
directrix (corresponding to zero velocity). Depending on the 
location of the point D, the forward waves reaching the nozzle 
from the points D and D,; may or may not produce flow, and 
accordingly three cases are possible: 


HY D-59-9 677 
1 If the point D lies in the territory A, then both waves initi- 

ated from points D and D, will produce flow from the nozzle, 

and there will be no interruption of discharge, that is, D = D’. 

2 If the point D lies in the territory B then the wave initiated 
from D will not produce flow from the nozzle but the one from 
D, will, and thus there will be an interruption of discharge, that 
is, D = D’. 

3 If the point D lies in the territory C neither the wave initi- 
ated from D’’’ nor the one from D,’’’ will produce flow from the 
nozzle, and there will be no secondary discharge. 

It may be noted that the territory B in Fig. 20 is bounded by 
the two directrixes intersecting the p-axis at the apex of the efflux 
parabola. 

For the case of a closed nozzle, the territories A, B, and C, 
are shown on Fig. 21. It may be noted that the territory B is 
bounded by the two directrixes passing through the v = 0, VOP; 
and the v = 0, VCP points. 


CONCLUSIONS 


It has been shown that the graphical method presented in this 
paper is well-adapted for the analysis of problems of pressure and 
velocity waves in injection systems. The interplay of pressures 
and velocities occurring in these phenomena may be visualized, 
and the performance of a fuel-injection system may be predicted 
from its design. While simplifying assumptions have been made 
in the examples given, the method is capable of further refinement 
to approach more closely the conditions actually existing in 
practice. This method offers the possibility of reducing the 
amount of experimental work necessary for the development of a 
satisfactory fuel-injection system for a given service. 
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Operation of Emergency Shutoff 
Valves in Pipe Lines 


By F. KNAPP,! SAO PAULO, BRAZIL 


At the principal control points of waterworks distribu- 
tion systems, as well as in turbine penstocks, automatic 
valves are installed to shut off the flow of water in case of 
a pipe rupture. It is usual practice to assume the time 
and closure law of the valve and then to check the maxi- 
mum surge caused by the valve closure. 

It is the purpose of this paper to determine the char- 
acteristics and the hydraulic design of self-acting shutoff 
valves in such a manner that the water hammer, even in 
the worst emergency condition, remains within per- 
missible limits. To reduce the discharge of water after 
a break, the law of closure is chosen in such a manner 
that this discharge becomes a minimum. The necessary 
computations are made by the graphical method of 
pressure-rise determination as well as by simultaneous 
or conjugated equations. The author assumes that the 
reader is familiar with these methods.*:** 


Trippinc Devices ror VALVES 


R OPERATING the closing mechanism of a shutoff valve 
F: case of a pipe rupture, a change of flow conditions is used 
to give the necessary impulse. These changes of flow condi- 
tions must reach values attained only in an emergency, but never 
reached in normal operation. The operating conditions of the 
pipe line are the deciding factor in the choice of the tripping de- 
vice. The pressure and velocity conditions in a pipe line near 
the shutoff valve are influenced in varying degrees by a break in 
the line and must be examined in each specific case. As a rule, 
a considerable increase of velocity and a corresponding pressure 
drop will take place. Either a change of velocity or a change of 
pressure may be used to operate the tripping device, and the 
choice depends on whether, at the location of the automatic 
valve, a pipe rupture would cause first an appreciable change of 
velocity and then a change of pressure or vice versa. 


1 Assistant Hydraulic Engineer, The Sao Paulo Tramway Light 
& Power Company, Ltd. After four years at the Constance Poly- 
technic Institute and the Munich Technische Hochschule, Mr. 
Knapp spent two years with the J. M. Voith Company as draftsman, 
one year as draftsman and designer in Germany on large-machine 
design, three years on construction of steam plants in Northern 
Brazil, and twelve years on the design of hydroelectric construction 
in Sao Paulo, Brazil. Associate Member, Committee on Water Ham- 
mer, A.S.M.E., representing Brazil. 

*“‘Water Hammer in Pump Discharge Lines,” by O. Schnyder, 
Schweizerische Bauzeitung, vol. 94, nos. 22 and 23, 1929, pp. 271 
and 283. 

* “Variations of Flow in Water Conduits,” by L. Bergeron, Comptes 
Rendu des Travaux de la Société-Hydrotechnique de France, 1932. 

‘Simple Graphical Solution for Pressure Rise in Pipes and Pump 
Discharge Lines,” by R. W. Angus, English Journal (Canada), 1935. 

Contributed by the Hydraulic Division for presentation at the 
Second Water-Hammer Symposium, in cooperation with the American 
Society of Civil Engineers and the American Water Works Associa- 
tion, at the Annual Meeting of Taz AMERICAN Society or MECHANT- 
caL ENnatneers, to be held in New York, N. Y., Dec. 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society, 


Tripping devices depending on velocity changes consist of* 
paddle trips, mercury contactors or a flow meter with maximum- 
flow contacts. 

In other cases the rate of pressure change is greater than that of 
the velocity and pressure-operated switches and minimum-con- 
tact manometers are suitable; these are often used in combina- 
tion with devices depending on velocity changes. In certain in- 
stallations neither a velocity nor a pressure change is caused, 
for example, by a pipe rupture near the upper end of a pipe line 
leading from a pump house to a reservoir. In this case no appre- 
ciable changes of flow conditions at the instruments in the pump 
house are noticeable. For important installations flow meters 
are built in the pump discharge and at the reservoir. The auto- 
matic valve near the pump is closed if the difference between the 
discharge readings of the two meters exceeds a predetermined 
limit. 

Venturi Meters Betow Sarety VALVES 


The case of turbine penstocks with a safety valve at the upper 
end of the line and a venturi meter immediately below deserves 
epecial attention. In case of a break below the venturi, the dis- 
charge through the meter with a great ratio of throat diameters 
may be limited to such an extent that the velocity-actuated trip- 
ping device does not operate. Such an arrangement upsets com- 
pletely the purpose of the emergency shutoff valve. 


DesicN REQUIREMENTS FOR SAFETY VALVES 


The protection of main branches of waterworks distribution 
systems or of turbine penstocks is of considerable importance 
inasmuch as a rupture frequently causes extensive damage to 
property. Emergency closing valves designed without considera- 
tion to water-hammer considerations do more harm than good and 
may even be the cause of accidents. A correctly designed 
installation should fulfill the following conditions: 

1 The maximum surge caused by closure of the valve in case 
of a rupture should not exceed a certain limit, determined by the 
strength of the pipes. This maximum pressure rise should not 
be influenced by quick closure or even slamming of the main 
valve. 

2 The operation of the valve should be such that a minimum 
amount of water is discharged after rupture and while closing the 
valve. 

These two design conditions are seldom met in the usual in- 
stallation. It will be seen later that these requirements can be 
incorporated in emergency-valve installations with only slight 
modifications of the usual arrangement. 


Type or VALVES 


Emergency closing valves should permit quick closing under 
unbalanced pressure conditions, and for this reason it ig essential 
that the valve be free from vibrations under such operating condi- 
tions. The hydraulic forces should act in such a manner as to 
close the valve quickly. Reversal of these forces during the clos- 


ing stroke is an undesirable feature. 

Gate valves, besides having long strokes, require considerable 
power and require the longest closing time of all types of valves. 
This type of valve can only be installed where ample headroom is 
679 
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available, and hydraulic operation is only possible where a sepa- 
rate source of pressure is available which is unaffected by the 
rupture of the pipe line. 

Needle valves, because of their short stroke and nearly bal- 
anced pressure conditions, permit very short closing times and 
are usually free from vibrations. Unless supplied with a restor- 
ing mechanism, this type has a tendency to accelerate in the last 
few inches of travel to its seat. 

Butterfly valves are essentially quick-closing devices and may 
be provided, like the needle valves, with electric or hydraulic 
power drive or may be operated by means of a heavy weight. 
The force required for closure is relatively small. Of all types 
concerned, butterfly valves require the smallest space. 

The butterfly valve is the least expensive, the gate valve next, 
and the needle valve the most expensive. 

Emergency valves may be subject to free-discharge conditions 
during closure and must, therefore, have a very rugged control 
mechanism of such a design as to permit easy adjustment of time 
and rate of closure. Cavitation in emergency valves is not a 
limiting feature, being subject to it only in the case of valve 
closure under free discharge which occurs at rare intervals. 


Two Limitine CasEs OF EMERGENCY VALVE OPERATION 


According to the location of the pipe rupture, the pressure and 
velocity conditions at the shutoff valve may be influenced to a 
variable degree. The distribution pipe lines, downstream from 
the valve, with its several branches and subbranches, are some- 
times of such a complicated nature that even an approximate 
determination of pressure and velocity at the valve in case of an 
emergency condition becomes impossible. The actual flow con- 
ditions at the shutoff valve are always subject to two limiting 
conditions, i.e., (1) the pressure at the valve, in case of a break 
drops instantaneously to atmospheric pressure; and (2) the pres- 
sure remains constant.® 

Any possible location of a pipe rupture and the water-hammer 
conditions caused thereby, are thus fully defined by these two 
limiting cases. The pressure variations, and consequently the 
velocity changes, will be greatest in the first case and, since the 
maximum surge will occur under these conditions, the operative 
characteristics of the shutoff valve are thus determined. 


ProposeD DEsIGN OF EMERGENCY VALVES 


The forces acting on automatic shutoff valves during closure 
are of considerable magnitude and, even with the most carefully 
designed control mechanism, the possibility of the slamming of 
the valve must be considered. It is of advantage to install, in 
addition to the quick-closing main valve, a pressure- or weight- 
operated by-pass valve which closes slowly after the main valve 
is closed. In order to limit the discharge after rupture, the main 
valve should close as quickly as possible. Closing times equal to 
or smaller than the reflection time of the pipe line are advan- 
tageous. It will be seen later that the law of closure of the main 
valve is of no appreciable importance, and only the time of closure 
must be kept within certain limits. Therefore, the control mecha- 
nism of the main valve may be of extremely simplified design. 

Under the most severe operating conditions of the emergency 
valve, the pressure at the valve drops instantaneously to atmos- 
pheric and the velocity of the water increases considerably be- 
yond the value of normal operation. The subnormal surge wave 
thus created, being reflected with negative sign at the reservoir, 


5 Occasionally a return surge may give an excess pressure above 
normal, but this special case may usually be neglected. See Etude 
sur les Maxima de Surpression dans les Phémoménes de Coups de 
Bélier, by M. Gariel, Revue Générale de I’ Blectricité, vol. 4, October 
5, 1918, pp. 483. . 
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returns to the valve as a supernormal wave and, in order to limit 
the pressure rise to the specified maximum value, the wave must 
find the by-pass valve open to limit the reflection of the wave 
and to act as a surge suppressor. The degree of initial opening 
and, therefore, the size of the by-pass equipment is definitely 
determined by the maximum permissible surge. The closing rate 
for the by-pass valve is determined by the necessity of limiting the 
discharge after rupture toa minimum. The pressure at the valve 
is held as nearly constant as possible to reduce the velocity of the 
water column in the minimum time. 

The automatic by-pass valve may be of the needle, gate, 
plunger, or butterfly type and may be used as a conventional hand- 
operated by-pass valve for filling the line beyond the main valve 
to permit opening of the main valve under balanced pressure 
conditions. The size of the by-pass valve being considerably 
smaller than that of the main valve, the forces acting on it are 
greatly reduced and the mechanism controlling time and rate of 


closure can be made more rugged without excessive cost. 

The proper combination of quick-closing main valve and 
slower-closing by-pass valve results in limiting the maximum | 
surge and securing a minimum of discharge after rupture. 


THROTTLING FUNCTION 


In the following discussion, symbols with the subscript 1 refer 


to the by-pass piping and those with the subscript 2 refer to the 
by-pass valve. Symbols without subscripts, except that for | 
time, refer to the main pipe line above the valve shown in Fig. |. | 


The symbols used are those recommended by the Water-Hammer | 
Committee of the A.S.M.E., except when otherwise stated. H 
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-- Main Valve 
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Bypass Valvé (Se/f-Acting) 


Fic. 1 ARRANGEMENT OF SauTOFF VALVE 


The pressure head H,, necessary to force water with the velocity | 


V,, through the by-pass, is given by the elementary relation 3 

= | — — — 


The terms in brackets are made up of the velocity head, entrance | 
loss, pipe friction, losses in bends, and head loss in the by-pa* | 
valve. With the introduction of “relative” values, Equation [1] i 
gives 


‘“High-Head Penstock Design,” by A. W. K. Billings, 0. 3: 


Dodkin, F. Knapp, and A. Santos, Jr., formulas [8] and [10], p. 38) | 
and Fig. 4, p. 56. See also discussion of this paper by E. B. Strow | 
ger, formulas [17] and [18], p. 136. Symposium on Water Ham [ 
mer, The American Society of Mechanical Engineers, 29 West 39th 
Street, New York, N. Y., 1933. 
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2.00 1.20-—7 J starting at point A. Shortly 
| after rupture, the conditions at the 
1.80 \ | ty lve / / ay valve are defined by hip = 0, thus 
\ | i giving point C with a considerably 
160 \ eg / Sf) increased velocity of a magnitude 
4 \ | with Line ve | 
v | f \ j Mf / \ & as compared with the steady ve- 
j Xz / GN , P / Thi b al 
080 j 990 travels up the pipe line and is com- 
2 | | Xe / pletely reflected at the reservoir. 
4 f ditions at section are expressed 
; f / / N& 3 by the simultaneous equation 
fy 0 020 040 060 060 100 
N Relative Velocity.ve he, — = +2K mex 
\ Fig. 3. DIAGRAM FOR FOR THE (vg, — - [6] 
ted in Fig. 2 by the li 
0 050 100 150 200 250 300 Fic. 2) (Lert) DiaGRaM FOR 
Relative Velocity, vs FOR THE First Case BC with the positive slope 
2 V2 2 3.00 
Ho Ho 2g 3! \ Vy | Pressure (ist Case) 
i \ hy Pressure at Main Valve 
where 212 \ | —.— vp | Remains Constant (2nd Case) 
rm \I 
N85 
. . . . 
The size of the by-pass piping and valve is determined by Equa- = \ , 


tions [1] and [2]. Equation [3] may be plotted as a function of 
the diameter of the by-pass piping and the position of throttling 
valve, 


GRAPHICAL DETERMINATION OF OPERATION CHARACTERISTICS 


The procedure to be followed for the determination of the 
characteristics of the proposed automatic main and by-pass valve 
for the two limiting cases is shown in Figs. 2 and 3. In accord- 
ance with the requirement, to limit the discharge after rupture to 
& minimum, it is assumed that the main valve closes in a time 
equal to the reflection time of the pipe line. For the sake of 
simplicity, the friction losses between the reservoir and the safety 
valve have been neglected; however, these should be taken into 
account if of appreciable magnitude. Complete reflection of the 
pressure waves at the reservoir is considered. 

1 The Pressure at the Valve Drops Instantaneously to Atmos- 
Pheric Pressure. This case is defined by a complete rupture of 
the pipe just downstream from the shutoff valve. Operation of 
the pipe line before rupture is represented on the v-h, diagram 
in Fig. 2 by the point A with the coordinates’? hy = 1.0 and 
% = 1.0. The relation between change of pressure and velocity 
at the valve is given by the simultaneous equation 


har het-u /3) = —2K max (Var /2)) [4] 


Subscripts A and E refer to the pipe sections just upstream from 
the valve and at the reservoir, respectively, as shown in Fig. 4. 
On the diagram and for the first interval, Equation [4] is repre- 
sented by the line AC with the negative slope equal to 2Kmax and 


_ ' The symbol /; is the total relative pressure head equal to H;/Ho 
stead of Z? as recommended by the Water-Hammer Committee 
of the A.S.M.E. In connections with the simultaneous equations 
the symbol ht is more convenient. 


——> hy- Vt 
| 


\ 
\ Reflection Time of Pipe Line 
| 
\ | 


8 10 \4 8 20 


Time in Seconds 


Fie. 4 Curves ror Surcs Versus Time, VELociry Versus TIME 
AND OPENING OF THE By-Pass VALVE FOR THE Two LimITING CasEs 
OF SHUTOFF-VALVE OPERATION 


2Kmax. The pressure at the reservoir remaining constant, the 
point of intersection C of line BC with the horizontal h, = 1.0 
furnishes the conditions at the reservoir from the time u/2 up to 


the time 3u/2. 


But, at the time t = 0, the main valve begins to close, and at 
the end of the first interval, at time ¢; = u, it is completely shut. 
Now the water begins to flow through the by-pass. Plotting the 
throttling function d;, as shown in Fig. 2, the pressure rise caused 
by closing of the main valve and at time ¢; is obtained as point of 
intersection K with line AB and parabola d:, in accordance with 
Equation [4]. It is now possible to determine that value of the 
throttling function which keeps the total relative pressure within 
the specified limit /y,,,,. This maximum pressure is determined 
by the initial subnormal surge wave, reflected at the reservoir 
with negative sign and arriving at the valve at time ¢, as a super- 
normal wave. At the valve and at the time f:, Equation [4] 
again holds and gives point D as intersection of the line CD with 


the horizontal 


Through this point D must pass the charac- 


teristic d, of the by-pass, thus furnishing the coefficient 8, which 
as a value of 
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(1 — Ah) 4Kmax? 


(2K max + 2— (7) 


Ben = 


where Ah is the permissible maximum relative pressure rise above 
static head. It is interesting to note that at the end of the first 
interval two simultaneous values of pressure rise occur, repre- 
sented by the points K and D in Fig. 2 and caused by the main- 
valve closure and reflection of the primary surge drop at the reser- 
voir, respectively. 

At time t, the by-pass valve begins to close. As the valve 
closing takes place in such a manner that the pressure rise is 
practically constant in order to decelerate the water column as 
rapidly as possible, further application of Equations [4] and [5] 
gives the points F, M, O, and H in Fig. 2 for the surge at the end 
of the second and third intervals. At these times, the maximum 
surge at the valve is determined either by the initial surge drop 
(point F) or by the pressure rise set up by the main-valve closure 
(point O). Points F and O, of course, are located by the condi- 
tion of maximum surge at the valve. The surges at intervals of 
the reflection time may be determined in a similar manner. 

The closing time of the by-pass valve is determined automati- 
cally by the construction just described and depends on maxi- 
mum permissible surge and characteristics of the pipe line. 

The settings of the by-pass valve at times ¢, and ¢; are given by 
the equations 


(1 + Ah) 4Kmax* 
(2Kmax + 2 — 34h)? 

(1 + Ah) 4Kmax? 
(2K max + 2 — 54h)? 


Bata 


Bus 


or generally 
(1 — Ah) 4K max? 


[2K max + 2 — (2n — 1) dh]? 


where n is the number of intervals 

In practice it may be necessary to adjust the values of #; 
slightly in order to conform with the characteristics of the device 
used for controlling the travel of the by-pass valve. Several of 
the devices used for this purpose comply very well with the re- 
quired operation. It should be noted, however, that an appreci- 
able departure from the theoretical law of closure causes serious 
disadvantages and allows a greater total discharge after rupture 
of the pipe line. Should the by-pass valve fail to close, the 
velocity in the pipe line attains a steady value of 


2(Kmax + 1) — Ah 
+ 4h) 


as shown by point P in Fig. 2. 
Closure of the by-pass and main valve in a time equal to or less 
than the reflection time of the line produces a surge equal to 


Ah’ mex + [10] 


represented by point Q in Fig. 2. 
Compared with the Joukowsky surge (point FR) 


Ahmas = 2Kmax 


this emergency condition produces a pressure rise which in all 
cases is considerably greater than usually assumed. The ratio 
of the two surges amounts to 


Ah’ max 1 


Batn 
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It is thus seen that for high-head installations with values of 
Kwmax less than unity, the conditions become especially unfavor- 
able. 

2 The Pressure at the Valve Remains Constant. This case is 
represented by a pipe rupture at a considerable distance from the 
shutoff valve. The throttling function d, obtained for the first 
case is not plotted with the horizontal h, = 0, but with the line 
h, = 1.0 as base line, as shown in Fig. 3. Application of the 
simultaneous Equation [4] gives the point B and Equation [5] 
gives the point C. The resulting surges are considerably smaller 
than those of the first case. 

The surge and velocity time curves as well as the by-pass 
coefficient 8: for the two limiting cases are plotted in Fig. 4 for a 
pipe line with the following characteristic values 


2L 
Kmax = 0.460; = 1.30; = 2 sec 


It is interesting to note that for this specific example and for the 
first case the velocity of the water at the valve increases instan- 
taneously from a value of Vp = 1.0 for steady operation to a value 
of Vio = 2.08 after rupture and only after about 4 intervals or 8 
sec drops below the initial value. 

The velocity in the second case does not exceed the steady 
value V, = 1.0, but drops steadily to zero velocity. Thus, the 
first case with the pressure at the valve falling instantaneously to 
atmospheric pressure determines the design of the emergency 
closing valve. 


CAVITATION CAUSED BY SUBNORMAL SuRGE CONDITIONS 


The surge drop produced by a rupture of the pipe just below 
the shutoff valve travels up the pipe line unchanged, provided 
the wave front does not meet the zero-pressure line of the pipe. 

This zero line is parallel to and 


» Sere ; below the pipe line a distance 
equal to the atmospheric minus 

the vapor pressure of the water 

~ SN as shown in Fig. 5. With a 

sloped pipe line, the column of 
water between section X and 
the reservoir cavitates partially 
§ §: to a varying degree, but no 


separation of the water col- 
umn occurs. Reflection at the 
reservoir takes place only with 
a small percentage of the mag- 
nitude of the primary surge 
drop and at the time the re- 
flected wave arrives at section X, the water column is brought 
back to its original state without cavitation, producing a cor- 
responding surge. 
up completely such water-hammer conditions with cavitation. 


Fie. 5 SuBNORMAL ACCELERAT- 

ING SuRGE-Drop Wave WHICH 

Causes CAVITATION IN PIPE 
LINES 


CONCLUSION 


Time and rate of closure of automatic valves installed in main 
branches of waterworks distribution systems or in turbine pet- 
stocks can be determined in such a manner that the maximum 
water hammer under the worst conditions does not exceed a givet 
limit and also that the total discharge after pipe rupture become 
aminimum. To accomplish this purpose, the main valve is pro 
vided with an automatic by-pass valve of definite dimensions. 


The design of the automatic-valve installation is determined by — 


the emergency condition of pipe rupture just below the valve. 


Further investigations are necessary to cleat 
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Complete Characteristics of Centrifugal 
Pumps and Their Use in the Prediction 
of Transient Behavior 


By R. T. KNAPP,'! PASADENA, CALIF. 


This paper describes the technique of determining the 
complete operating characteristics of a hydraulic machine 
such as a centrifugal pump or a turbine, together with a 
method of presenting these characteristics in a convenient 
manner on a single diagram. The characteristics of a 
modern, high-head, high-efficiency pump are analyzed and 
presented in the manner proposed. The use of these 
complete characteristics for the prediction of the behavior 
of the machine during operating transients is discussed 
and the analytical background is presented. The as- 
sumptions involved are investigated and experimental 
checks of their validity are offered. The interrelationships 
between the hydraulic characteristics of the machine and 
the pipe line are indicated. 


F THE possible operating conditions of hydraulic-turbine and 

centrifugal-pump installations are compared, it soon becomes 

apparent that the pumps are subject to much wider and more 
involved variations than are the turbines, especially during the 
transient states of starting, stopping, or emergency operation. 
In turbines the direction of flow and the direction of rotation are 
always the same, even in case of a breakdown of the machine itself 
or trouble in the penstock and auxiliary equipment. Thus the 
machine performance always lies in the quadrant of normal tur- 
bine operation, and since its hydraulic characteristics are very 
well-known in this quadrant, it is a comparatively straightfor- 
ward matter to predict the complete performance during any 
possible transient condition. On the other hand, under similar 
conditions with a pump installation, the flow can completely 
reverse direction, as can the rotation. The machine in this case 
ceases to be a pump, and after passing through a zone of energy 
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in 1920, and received his Ph.D. degree in mechanical engineering 
from the California Institute of Technology in 1929. He was de- 
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California Institute of Technology, and has been in charge of the 
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the Riverside Cement Company, Los Angeles, Calif., from 1927 to 
1929. He was awarded the A.S.M.E. Freeman Scholarship in Fy- 
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Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those otf 
the Society. 


dissipation, becomes a runaway turbine. This great variation in 
performance gives rise to many questions, such as the runaway 
speed of the machine as a turbine, the time of reversal, the magni- 
tude of the accelerating forces, the effect on the surge cycle in 
the discharge line, the maximum and terminal reverse rates of 
flow, and soon. Unfortunately these questions are very difficult 
to answer, because, although the hydraulic performance of the 
machine is well-known as long as it is acting as a pump, com- 
paratively little study has ever been made of the performance as 
an energy dissipator or as a turbine. 

The objective of this study has been, therefore, to explore these 
little-known regions of performance and to attempt to use the re- 
sulting information to answer some of these important questions. 


Previous INVESTIGATIONS 


In 1931 Kittredge and Thoma (1)? published an article on 
“Centrifugal Pumps Operated under Abnormal Conditions.’ 
This paper described experiments carried on with a small pump 
for the purpose of obtaining performance characteristics from 
which the behavior of the pump during sudden changes of operat- 
ing conditions could be predicted. In these experiments the 
pump was operated under conditions of negative head, delivery, 
and speed, in addition to the normal range of performance. As 
an outgrowth of the work a series of investigations was under- 
taken in the hydraulics laboratories of the California Institute 
of Technology, under the direction of the author. 

In the fall of 1931, Boothe and Lewis (2) started a preliminary 
investigation on a 1'/; X 10-in. single suction pump. Although 
the results were very interesting, it was felt that the pump was 
too small and the efficiency too low for them to be completely 
typical of modern installations. 

In the spring of 1932, two 4-in. high-head high-efficiency pumps 
were made available through the generosity of the Byron-Jackson 
Company. These pumps were installed in the summer of 1932 
and work was carried on with them for about two years. The 
first results were outlined by Haynes and Sauermann (3) in 
1933, and in 1934 a more complete presentation was made by the 
present author (4). The study also furnishes most of the back- 
ground for this article. 


DETERMINATION OF COMPLETE CHARACTERISTICS 


(A) Laboratory Equipment. The objectives of the program 
demanded that the pump under test be so installed that it could 
be operated under all possible conditions of flow, head, and 
speed, both as a pump and as a turbine. Therefore, of the two 
available, the one with the lowest head and capacity was selected 
as the test pump, while the other was designated as the service or 
supply pump and was connected so that it could deliver either 
to the suction or the discharge lines of the test pump. The test 
pump itself was connected to a Sprague electric dynamometer 
which was capable of being operated either as a motor or a gen- 
erator at any speed up to 3500 rpm and in either direction of 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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rotation. It had a capacity of 100 hp or about twice the maximum 
required by any operating condition of the pump. Fig. 1 is a 
diagram of the complete equipment. It will be noted that a spray 
pond and auxiliary pump are provided for cooling the system. 
This was necessary because the combined power input of the test 
and service pumps went as high as 150 hp, and since the system 
was a Closed one with a comparatively small volumetric capacity, 
such a power input would have caused a rapid rise in tempera- 
tures if arrangements had not been made to dissipate it. 


L 
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Fig. 1 Pree Layout ror Pump Tests 
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Fig. 2. Posittve-RotaTion HEAD-DIsSCHARGE CURVES 


(B) Instruments. The basic method of measuring the rate 
of flow was by use of the weighing tank and synchronized chrono- 
graph. The working secondary standard was a bidirectional 
venturi tube, calibrated in place. This tube was constructed in 
the laboratory, and consisted of two symmetrical long-taper 
cones with piezometer rings in the center and at each end. 
Speed was measured with a magnetic-clutch revolution counter 
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or by a revolving contact which recorded each tenth revolution 
on the chronograph drum. Low pressures were measured by 
means of a six-foot mercury manometer, while special ground- 
piston, fluid-pressure scales reading to '/19 lb per sq in. were con- 
structed for the high-pressure measurement. Torque was meas- 
ured directly by the scales on the cradle dynamometer., At all 
points care was taken to insure the accuracy of the operations. 
(C) Experiments. The schedule of tests consisted of a series 
of constant-speed runs, both in the normal and in the reverse 
direction. For each speed the discharge was varied™from a 
maximum-negative to a maximum-positive value. By negative 
discharge it is meant that the flow was from the discharge to the 
inlet of the pump. The range of discharges was about the same 
for all speeds, varying from about —200 to + 150 per cent of the 
normal for the pump when operating at 3100 rpm. It should be 
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noted that one of the constant-speed runs in the series was that 
of zero speed. For this run the impeller and shaft were locked to 
a torque arm and torque readings taken directly as the flow was 
varied over the usual range. 

(D) Constant-Speed Curves. The results of these runs were 
first plotted in the series of constant-speed curves shown in 
Figs. 2 to 5 inclusive. Figs. 2 and 4 are the head-discharge 
curves for positive and negative rotation, while Figs. 3 and 5 
show the torque-discharge relations. If these curves are ex- 
amined, several interesting points will be noted; for example, 
(a) there are no discontinuities even at points where head, 
discharge, or torque reverses sign, (b) the zero-speed curve is 
smooth and has the characteristic shape of the family. 

(E) Complete Characteristics Diagram. In the papers of Kit- 
tredge and Thoma (1), previously referred to, the final results 
were presented in two series of curve sheets. The first set showed 
the variations in head and power plotted against the discharge, 
while the speed was held at either a constant positive or negative 
value. The second set plotted the same variables against speed 
while the discharge was held at given constant values. The first 
set was of course analogous to Figs. 2 to 5 of this article. 

When the final presentation of the results of the current test 
was considered, it was suggested by Prof. Th. von Karman of 
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the Institute that a more comprehensive and useful picture of the 
complete performance of the machine would be obtained if all 
of the results were presented on a single four-quadrant diagram 
having as coordinates the discharge and the speed. The merits 
of this particular diagram are more easily seen if a brief study of 
its characteristics is made before it is used. Fig. 6 is an explana- 
tory chart for such a diagram, and shows the way the various 
zones of operation separate themselves. It wili be seen that there 
are two zones of pump operation, the normal one in the first 
quadrant and the abnormal or reverse rotation one in the second 
quadrant. Likewise there are two zones of turbine operation, 
the normal one in the third quadrant, and the abnormal or out- 
ward-flow one in the first quadrant. Each of these zones of 
possible useful operation is separated from the others by zones of 
energy dissipation in which no useful work is done either on or 
by the fluid. For example, the entire fourth quadrant is such a 
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zone, and separates the zone of normal pump operation from that 
of normal turbine operation. Since all possible conditions of 
operation may be represented on this chart it may be named the 
“complete characteristics diagram” of the hydraulic machine 
tested. It is of course equally applicable either to a pump or a 
turbine. 

Fig. 7 is the complete characteristics diagram of the 4-in. 
double-suetion pump tested. The data are presented as series of 
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Fig. 6 EXpLANATORY CHART FOR COMPLETE CHARACTERISTICS 


DIaGRAM 


contour curves of constant values of head and torque, the full 
lines being lines of constant head and the dotted ones lines of 
constant torque. It is interesting to observe that both pairs of 
zero-head and zero-torque lines are practically straight. They, 
of course, form the asymptotes for the corresponding families of 
contour curves. Each family shows reasonable agreement with 
the similarity laws, i.e., the entire family can be approximately 
calculated from any single curve. There are some deviations, 
however, in the zones of abnormal operation and energy dissipa- 
tion. These deviations are probably caused principally by incipi- 
entor developed cavitation in some part of the machine. There- 
fore, these zones of the diagram are somewhat sensitive to the 
value chosen for the base pressure for the particular condition of 
flow being tested. From this point of view it would appear ad- 
visable to standardize on the normal pressure existing at the 
pump inlet under the condition of the proposed installation, if 
the diagram is to be used for calculating transient behavior. 

For some purposes it is desirable to add a third set of contours 
to this diagram, i.e., lines of constant efficiency. They would 
exist only in the four zones of useful operation, since the efficiency 
is zero throughout all four zones of energy dissipation. In the 
abnormal pump and turbine zones all efficiencies are very low, but 
high efficiencies of the same order of magnitude were found in both 
the normal pump and turbine zones. 

Many of the critical operation points can be read directly from 
the diagram. For example, for one given head the speed at which 
pumping ceases and flow reverses is given by the intersection of 
that constant-head line with the speed axis, which is the line of 
zero flow; the negative flow at which the machine reverses its 
direction is determined by the intersection of the same cconstant- 
head line with the discharge axis, which is the line of zero speed; 
and the corresponding turbine runaway speed is located by the 
crossing of the zero-torque line by this same constant-head con~ 
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tour. The maximum reverse flow and the corresponding speed 
are determined by the point of tangency of a horizontal line with 
this head contour. 


PREDICTION OF TRANSIENT BEHAVIOR 


(A) Basic Principle. As has been previously stated, the 
complete characteristics diagram, Fig. 7, covers all possible con- 
ditions of operation of the machine within the ranges of speed 
and discharge shown. Therefore, if there is a change in the 
operating conditions it must be possible to plot the path of this 
change on the diagram. Consider a simple example: Suppose 
the test pump operated at 3200 rpm and discharged water into 
a reservoir 150 ft above the suction supply, through a sub- 
merged outlet pipe line so large that both friction losses and 
possible surges could be considered negligible. Then, no matter 
what the pump did the head would remain constant. Thus the 
operating point would always remain on the 150-ft head line on 
the diagram. If the driving power were removed, the operating 
point would move down the line out of the first quadrant, through 
the fourth and into the third quadrant until it intersected the 
line of zero torque at a negative speed of approximately 3600 
rpm (turbine runaway) which would be the new point of equilib- 
rium. Simultaneous values of discharge, speed, and torque 
can be read from the diagram for every point along the constant- 
head line. Since the driving torque was removed, the values of 
torque indicated by the diagram must be supplied by the decelera- 
tion of the rotating mass of the system. If the polar moment of 
inertia of this rotating system is known, it is possible to calculate 
the time-speed relations existing during the change. If any other 
speed-head path had been followed, similar calculations could 
have been made. 

The usefulness of this method is that it offers a way of calculat- 
ing the time characteristics of such events as normal starting and 
stopping of a pumping plant, abnormal shutdown due to power 
failure, the behavior of the pump in case of shaft breakage, or 
other emergency conditions arising in plant operation. Of course, 
it alone does not give the entire picture, for in the normal installa- 


tion the surge pressures in the discharge line during transients 
are of major inportance. However, the complete characteristics 
diagram of the machine furnishes the information needed to cal- 
culate the surge, and the surge pressures are necessary in order to 
plot the speed-head path on the diagram. This apparently indi- 
cates that a step-by-step calculation would be necessary for the 
complete determination of the performance. The results should 
be well worth the effort, for, with the information they would fur- 
nish, the designer would be in position, for example, to determine 
with surety whether or not relief or quick-closing valves would 
be necessary to the operation of the system, and if so their com- 
plete time characteristics. 

By the use of the graphical method for water-hammer problems 
described by Schnyder (6), Bergeron (7), and Angus (8), this 
step-by-step solution can be greatly simplified when studying 
surge conditions in pump-discharge lines. 

(B) Assumptions Involved. The use just proposed for the 
complete characteristics diagram involves major assumptions that 
must be thoroughly understood and borne in mind during the ap- 
plication. The principal assumption upon which most of the 
others depend, is that the instantaneous performance of the 
machine for any given set of momentary conditions occurring dur- 
ing a transient is identical with the steady-state performance for 
those same operating conditions. In this assumption two others 
are implied, (a) that two or more types of flow cannot exist within 
the machine for one given set of operating conditions, even 
momentarily, and (b) that the momentary accelerating forces ex- 
erted on the fluid within the machine during the transient are small 
in comparison to the forces required for normal steady opera- 
tion at that particular state. If these assumptions do not 
hold true within the limits of accuracy desired for the calcula- 
tions or if corrections cannot readily be applied to bring them 
within these limits then the method is not applicable. It was, 
therefore, decided to try to carry out an experimental test of the 
method and the assumption for some simple cases of transient 
behavior that could be studied within the limitations of the 
laboratory equipment. However, before these experiments are 
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described, the analytical background of the prediction of tran- 
sient behavior will be discussed in more detail. 

(C) Analytical Background. The equation of motion of a ro- 
tating system is, 


where 


T = unbalanced torque applied to system 
I = moment of inertia of the system about the axis of 


rotation 
w = angular velocity 
t = time 


if w be replaced by its equivalent — this becomes 


where N = revolutions per minute. 


This may be integrated to obtain 


If the torque is known as a mathematical function of speed it 
may be possible to integrate this analytically, but if the relation 
is only known empirically it is always possible to evaluate the 
integral graphically. The latter is the more normal case. The 
procedure is simply to plot am as a function of N. The area 
under the curve between any two values of speed, N; and Nz, is 
equal to the time required for the speed to change from N, to N2. 
If the entire integral curve is plotted it will give the speed as a 
function of the time. 

The method just described is precisely that used to obtain a 
prediction of the time-speed relations during a pump transient 
from the known speed-head relations and the complete charac- 
teristics diagram. Of course, as mentioned under section (A) of 
this division of the article, the speed-head relationship is often 
an implicit function of the discharge-line characteristics and the 
machine characteristics. In such a case it would probably be 
necessary to plot and integrate the differentia! curve step by step. 
After the integral curve has been plotted, giving the speed-time 
relationship, one more piece of information can be obtained. The 
speed values of this curve are identical with those on the com- 
plete characteristics diagram, following the line of the known 
speed-head relation. But along this line, each speed corresponds 
to a definite value of the discharge. Consequently values from 
the two diagrams can be combined to give the discharge-time 
curve for the transient change. 

(D) Experimental Verification of Transient Predictions. A 
study of the method of transient analysis just presented suggested 
the most direct type of experimental check. This was to carry 
the pump through a known change of operating conditions, 
experimentally determining the actual speed-time relationship, 
and comparing this with the prediction calculated according to 
the method described from the observed speed-head relationship. 
If the two agreed, this would be direct evidence of the validity 
of the major assumption of the method. 

The simplest way of carrying on these experiments appeared 
to be to start with the test and service pumps both operating and 
discharging into a common line. If the power supply of the test 
pump was cut off then the supply pump would furnish the pres- 
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sure necessary to maintain the head. The test pump would de- 
celerate, reverse, and come up to speed as a runaway turbine. 
The regular instrumentation permitted such experiments. The 
primary readings necessary were the speeds and times. These 
were automatically recorded on the chronograph record of time 
vs. total revolutions. The instantaneous speed was determined 
accurately by measuring the number of revolutions recorded in 
a small interval of time. Two types of runs were made. By 
controlling the service-pump discharge valve the head on the 
test pump was kept constant independent of the test-pump speed. 
By the other method the setting of the discharge valve was not 
changed, and, as the test pump slowed down, the discharge pres- 
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sure fell until the equilibrium condition was reached where the 
test pump ran as a runaway turbine on the water supplied by the 
service pump. For this case the speed-head data were simul- 
taneously recorded by observers. 

The method of predicting the transient relationship was the 
same for both tests. First the head-speed path was plotted on 
the complete characteristics diagram directly from the readings 
taken during the experiment. From this path the torque-speed 
relationship was plotted. During the actual run an additional 
torque acted on the rotating system. This was the dynamometer 
bearing friction, the value of which had previously been carefully 
determined. This friction always opposed the direction of mo- 
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tion. The action of the water opposed the motion until the 
runner had been brought to a standstill, then produced an ac- 
celeration until the runaway speed was reached. The resultant 
torque on the system was thus the sum of the two from the 
initial point to the point of zero speed, and the difference of them 
from that point to the point of equilibrium runaway condition. 
Fig. 8 shows a constant-head run. The speed-head path may 
be seen in light dotted lines in Fig. 7. The curve of Fig. 8 labeled 
pump torque shows the speed-torque readings from Fig. 7. The 
curve labeled pump and dynamometer torque shows the addition 
of the dynamometer bearing friction. The reciprocal of this 


curve, multiplied by the constant ~ I, was then plotted. The 


integral curve of this is the dotted speed-time curve. The solid 
speed-time curve shows the actual experimental values. 

Fig. 9 shows the predicted and observed speed-time curves 
for a case where the head varied during the transient. The path 
of this run may also be seen in light dotted lines in Fig. 7. These 
curves are typical of the group of check runs that were made. 
In all cases the agreement between the predicted relationship and 
the observed values was better than could reasonably be ex- 
pected. 

In one respect, these check runs do not completely satisfy all 
questions. Due to the large moment of inertia of the dyna- 
mometer armature, all the transient runs which it was possible 
to make have a relatively slow rate. In the faster one shown, 
Fig. 8, it is seen that it took about 48 sec until the point of re- 


versal of rotation, and about 100 see until the equilibrium run- 
away speed was approached. This is considerably longer than 
would be the case with the average field installation. On the 
other hand, the agreement here is so good that a considerable 
additional error would be tolerable before the usefulness of the 
results would become impaired. 


CONTINUATION OF INVESTIGATION 


During the spring of 1934, while the last of these tests were 
being completed, a new hydraulic-machinery laboratory was 
being designed and constructed at the California Institute of 
Technology, in cooperation with the Metropolitan Water Dis- 
trict of Southern California. It was put into operation in August 
of that year and since that time an intensive program of study 
of the problems of high-head pumping plants of the Colorado 
River Aqueduct has been carried on. A description of this labora- 
tory by the author (5) may be found in the Transactions. A part 
of this work has been the determination of the complete character- 
istics of several of the model pumps tested in the laboratory. 
Fig. 10 shows one example of these diagrams which is published 
through the courtesy of the Byron-Jackson Company and the 
Metropolitan Water District. The pump, the characteristics of 
which are shown, is a much larger one than that used in the fore- 
going work, requiring about 300 hp when operating at the point 
of best efficiency against a head of 300 ft. It represents the best 
current pump practice, since in the model it showed a test effici- 
ency of over 92 percent. It is anticipated that in the near future 
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more complete tests will be made of this and other large-scale 
models of varying specific speeds, and also that other transient 
check runs at higher accelerations can be carried out to test more 
thoroughly the validity of this method of calculating transients. 
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Experiments and Calculations on the 
Resurge Phase of Water Hammer 


By JOSEPH N. LECONTE,' BERKELEY, CALIF. 


The author develops a theoretical expression for the 
multiple recoil or resurge effect of a long water column 
following the instantaneous, or approximately instantane- 
ous, closing of a valve at the lower end of the column. 
The time period between successive resurges or hammer 
blows is calculated by the developed expression and is 
compared with time periods recorded from tests by an 
oscillograph. The computed and observed results are 
presented in tabular and graphical form for several of the 
tests. 


retical expression for the multiple recoil or resurge effect of a 

long water column following the instantaneous (or approxi- 
mately instantaneous) closure of a valve at its lower end. It is 
a matter of ordinary experience that after the compression wave 
in such a pipe has completed the round trip from the valve to the 
reservoir and back, the entire column may recoil from the valve, 
leaving a vacuous space behind, and then return to the valve, 
making a second hammer blow similar to, though less violent 
than the first. In the same way this resurge may repeat itself 
many successive times until the original energy of the mass has 
been exhausted. These repeated blows are of continually 
diminishing intensity or amplitude, and the time period between 
successive biows is a continually diminishing one. It is to 
investigate the time element that the following work has beer 
planned. 

In order to obtain a physical conception of what probably 
takes place, consider the ideal condition shown in Fig.1. Imagine 
water flowing through a long pipe from a reservoir A under 
constant head h to have reached its terminal velocity v;. When 
the valve at B is suddenly closed the wave front travels back- 
ward according to the well-known law, and when at C we may 
imagine the water from C to B to be entirely at rest under 
pressure p in an expanded pipe, while that from D to C is still 
advancing with velocity v, approximately the same as v,. When 
the wave front reaches D the entire pipe is full of water at rest 
and under stress. The reverse phase then takes place, and by 


|. THIS paper an attempt has been made to develop a theo- 
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the time the wave front returns to B, the entire mass is flowing 
in the reverse direction with some velocity v. Since the column 
cannot be brought instantly to rest, it pulls away from B leaving 
a vacuum behind it, and continues to move until its kinetic 
energy has been exhausted in overcoming friction, overcoming 
the head h, and that of the atmosphere ho. From this position 
of rest S, it again returns, under the influence of h and ho, strikes 
the valve again, and the phenomenon is repeated continually 
until the surge diesout. Such a series of surges is shown graphi- 
cally in Fig. 2, wherein LM is the first hammer blow, MN is 
the time ¢ for the compression wave to make its round trip, 
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OP is the time during which the column surges back and forth 
under vacuum, and QR is the time for the next round trip of the 
wave, which is the same as MN. 

The results of laboratory experiment make it clear that the 
velocity with which the water strikes the valve on any one of 
these surges is always greater than that with which it starts 
away on the next surge. In other words the velocity at Q is 
greater than thatat R. This relation can be expressed as 


vo being the velocity of return at R, and vo; that of approach at Q. 
The coefficient C, which seems to be of the nature of a ‘“‘restitu- 
tion coefficient’? in the mechanics of impact and collision, is 
nearly constant for the set of waves of one experiment, and 
approximately so for different velocities in a single pipe line. 
Strictly it should be a function of the velocity and pipe diameter, 
and probably of the wall thickness and material of the pipe. It 
seems to diminish in numerical value as the velocity increases. 
There is also a reduction in velocity due to pipe friction, as 
the mass slides through the pipe and back, and a destruction of 
velocity head as the column enters the reservoir. If we regard 
the pipe friction factor f, as being of mean constant value, this 
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loss can be computed as follows: Let vo be the initial velocity 
of the resurge, and v any value of the velocity thereafter, then 
if / is the length and d the diameter of the pipe, the force equation 
takes the form 

l v? lay dv 


The integration of Equation [2] leads to 


= lv Vo 
g(h + ho) 


where ¢, is the time for the column to come completely to rest, 
and v” is an abbreviation for the expression 


Qg(h + 
S(U/d) 
If we imagine the entire column to hold together, the distance S 


moved through on the rebound, while the velocity changes from 
Vo to zero, will be found by integrating Equation [2] in the form 
I v? lay v dv 
h+h 
ay(h + (4) 


lv”? vo 
S /2 log, E + () | (5) 


On the return of the column we have accelerated instead of 
retarded flow, and the force equation is 


This yields 


v? lay dv 
ay(h + ho) — ay ( 29 [6] 
The integration of Equation [6] gives 
lv’ ) 
gh +h) 


where v’ is an abbreviation for the expression 


+ 

1 + f(l/d) 
Equation [7] can be put in the form 

+ ho)t ds 


=y’ h = 
v =v’ tan [8] 
and we have 
or 
lv’? + ho)t 
= —— | Ih 
S + he) og, COs {10} 


If we equate the two values of S, as given by Equation [5] and 
{10}, and put ¢, for the time of return, we have 


w\2 2 
EM tog] + (*2) | 
lv v v 


[+ 


or 


where, from the derivation of Equation [11] 


(“) 
n='/, 
v 


Equation [11] will enable us to compute ¢,, and the time for the 
entire cycle will be ¢ = t; + ts. 

In order to test the foregoing theory and estimate the value of 
the coefficient C, two water-hammer lines were installed in the 
hydraulic laboratory of the University of California. These 
were of ordinary black pipe, of 1-in. and 2-in. nominal sizes. 
Due to the limited size of the laboratory, it was necessary to 
carry these around the walls of the room, with long radius bends 
in the corners. The radii of these bends were about 10 ft. The 
lines were supplied from a standpipe 3 ft in diameter which was 
arranged to overflow at a definite level for constant head. The 
quick-closing valve was of the rotary or plug-type and was 
operated by a weight falling from a height of about 8 ft. The 
time-pressure curve was drawn by the aid of a Westinghouse 
oscillograph. One of the elements recorded the pressure by 
variation in electrical resistance of a pile of carbon buttons sub- 
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jected to the pressure. A second element recorded the time of 
closing the valve, while a third recorded the 60-cycle power 
alternations, by means of which time could be measured. 

In making a series of runs on a pipe line, the coefficient f was 
first obtained by running on constant head at various velocities. 
Such a curve for the 2-in. line is shown in Fig.3. The pressure 
element was in every case calibrated by means of a dead-weight 
pressure tester, and a series of calibration lines were drawn across 
the film of the oscillograph. The plug valve was then set at 8 
given position of throttling, the water weighed for a definite 
time, and then, without changing the valve, the weight was 
dropped and the time-pressure curve recorded. In working up 
the predetermined relations, the pipe-line dimensions given in 
Table 1 were used. 

It appears that the value of the coefficient C for the first 
hammer blow, that is, the one caused by the closure of the valve, 
is slightly higher than for subsequent ones where the concussion 
is under vacuum. If the closure were absolutely instantaneous, 
perhaps no difference would be detected. The value of C is also 
a function of v, being smaller for higher velocities. 


CoMPUTATION 


As mentioned previously, tests were conducted with 1-in. and 
2-in. pipe lines. The results of one of the tests on the 2-in. line, 
which was designated as test No. 5A, were computed as follows: 

The initial velocity v for steady flow was 3.11 fps, the hydro- 
static head h was 24.1 ft, and C was taken as 0.87. Thus, the 
velocity with which the water starts away from the valve is 


% = 3.11 X 0.87 = 2.707 fps 
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For this we may take a value of f = 0.0342. From the foregoing 
values of f and h, and the pipe-line dimension given in Table 1 
2g(h 42 
S/d 52.15 
and 
2 2 
y = = §38 
1+ f(l/d) 53.15 
First Resurge. For the first resurge, applying Equation [3} 
t, = 1.26 tan—! (2.707/8.47) = 0.39 sec 
of and from Equation [11], where n = 0.5(8.47/8.38)? = 0.51 
cosh 0.802 = [1 + 
yas or 
es. 
cosh 0.802 = 1.102°5! = 1.0508 
o from which 0.802 t, = 0.3175, and t, = 0.396 sec. Therefore, 
ei t = | + t = 0.786 sec. The measurement of the time from the 
ite oscillograph gives t = 0.795. The oscillograph for test No. 5A 
we is shown in Fig. 4. 
“ The velocity with which the water strikes the valve at the end 
in of the first resurge is obtained from Equation [8] which gives 
h + ho) 
irst Yo, = v’ tanh wee ty 
ive, 
ion = 8.38 tanh 0.3175 = 2.575 fps 
= It will be noted that the value of the exponent n, used in Equa- 
tion [11], will never change to any extent for a given line, and 
may be taken as 0.51 for all tests on the 2-in. line; for a long 
Pipe line n = 1/,. It is easily shown that if friction and the 
an creation of velocity head are neglected 
ine, t luo 
g(h + ho) 
dro- 
the andt = 2b. 


In the present instance this would give t = 0.804 sec. 
For low velocities friction can be neglected, the only appreciable 
loss being that due to shock. In the foregoing, the reduction in 
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Fig. 4 ror Test No. 5A 
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velocity due to shock was 0.403 fps, while that due to friction 
was 0.132 fps. 

Second Resurge. Using the same coefficient C = 0.87 in the 
second resurge, we obtain 


vo = 2.575 X 0.87 = 2.24 fps 
t; = 1.26 tan—! (2.24/8.47) = 0.325 sec 
and 


cosh 0.802t, = [1 + (2.24/8.47)?}°5! = 1.035 


from which 0.802t, = 0.2642, and t, = 

t = t; + & = 0.655 sec. The measurement of the time from 

the oscillograph gives t = 0.650 sec. The velocity at the end 

of the second resurge is vo; = 8.38 tanh 0.2642 = 2.165 fps 
Third Resurge. For the third resurge 


0.33 sec. Therefore, 


vo = 2.165 X 0.87 = 1.884 fps 
t, = 1.26 tan~' (1.884/8.47) = 0.275 sec 


and 


cosh 0.802 #2 = [1 + (1.884/8.47)?]*-5! = 1.0249 


from which 0.802¢ = 0.223, and t = 0.278 sec. Therefore, 
t = t; + = 0.553 sec. The measurement of the time from the 
oscillograph gives t = 0.538 sec. The velocity at the end of the 
third resurge is v; = 8.38 tanh 0.223 = 1.838 fps. 

Fourth Resurge. For the fourth resurge 


vo = 1.838 X 0.87 = 1.60 fps 
t; = 1.26 tan-! (1.60/8.47) = 0.235 sec 
and 


cosh 0.802t, = [1 + (1.60/8.47)?]°5! = 1.0181 


from which 0.802¢, = 0.1902, and t, = 0.237 sec. Therefore, 
t = t; + & = 0.472 sec. The measurement of the time from the 
oscillograph gives t = 0.467 sec. The velocity at the end of the 
fourth resurge is m = 8.38 tanh 0.1902 = 1.575 fps. The 
velocities have now become so low that we may neglect friction 
in computing the next two resurges. 

Fifth Resurge. For the fifth resurge 


vo = 1.575 X 0.87 = 1.37 fps 
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and 
t = 2 X 1.26 X (1.37/8.47) = 0.408 sec 


The measurement of the time from the oscillograph gives t = 
0.400 sec. 
Sizth Resurge. For the sixth resurge 
v% = 1.37 X 0.87 = 1.192 fps 
and 
t = 2 X 1.26 X (1.192/8.47) = 0.354 sec. 


The measurement of the time from the oscillograph gives ¢ = 
0.363 sec. 
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In all the foregoing computations, f has been considered con- 
stant, and was selected for the highest value of the velocity. 
Any error made is easily within the degree of accuracy of the 
method, particularly as the loss due to f falls off with the velocity. 

One difficulty with the method is that the errors are cumulative, 
each result being based on the one preceding it. 


CoNCLUSIONS 


The results for test No. 5A, just computed, as well as the 
results for two other tests on the 2-in. line, tests Nos. 6A and 


9A, are given in Table 2. The observed results of these three 
tests, as obtained from the oscillograph are shown graphically 
by the curves in Fig. 5, while the computed results are shown by 
the plotted points in Fig. 5. 


TABLE 1 DIMENSIONS OF PIPE LINES TESTED 


Dimensions l-in. line 2-in. line 
Mean internal diameter d, in.................4.. 1.050 2.076 


TABLE 2 COMPUTED AND VALUES FOR t, TEST 
NO. 5A, 6A AND 9 


Test No. 5A°—. —Test No. —Test No. 9A¢— 
Resurge Computed Computed Observed 
t t 


t 
1 0.786 0.795 0.989 1.000 1.135 1.141 
2 0.655 0.650 0.762 0.758 0.825 0.816 
3 . 553 0.538 eo +4 0.602 0.617 0.632 
0.472 0.467 484 eee ees 
5 0.408 0.400 0: -301 0. _ 
6 0.354 0.363 


* For test No. = O:0842. Line diameter = 2 in., h = 24,1 ft, » = 3.11 fps, 


C = 0.82,f = 0.0312. 
oatt test No. 9A: Line diameter = 2 in., h = 24.1 ft, » = 5.12 fps 
= 0.78, f = 0.031. 


TABLE 3 COMPUTED AND OBSERVED VALUES FOR ¢, TESTS 
NO. 1 AND 4 


——Test No. —— Test No, 46-———. 
Resurge Computes Computed Observed 
t t 
1 0.418 0.420 0.305 0.305 
2 0.343 0.342 0.261 0.258 
3 0.286 0.283 0.228 0.217 
4 0.240 0.225 


For test No. 1: Line diameter = 1lin.,h = fen, for 
fret resurge = 0.93, C for subsequent resurges = = 0.88, f = 0.04 

6 For test No. 4: Line diameter = lin., h = 24.3 ft, .= 02 fps, C for 
first resurge = 0.95, C for subsequent resurges = 0.89, } = 0.045. 


The relation between the computed and observed values for 
time can be brought into still closer agreement if, as has been 
stated previously, a slightly higher value of C be taken for the 
first resurge, that is, the resurge caused by closing the valve. 
The difference is more marked in the case of the 1-in. line where, 
for one initial velocity of v = 3.73 fps, the value of C is 0.93 for 
the first resurge, and 0.88 for subsequent resurges. In the same 
line, with v = 2.62 fps, the values of C are 0.95 and 0.89 for the 
first and subsequent resurges, respectively. Table 3 gives some 
of the results for the 1-in. line. 
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The author discusses surge conditions in pump-discharge 
lines caused by the sudden failure of the power supply to 
the pump driving units in both low-head and high-head 
plants, particularly the latter. He gives a detailed discus- 
sion of surge phenomena in pump discharge lines for (@) 
the period immediately following the failure of the power 
supply when the speed of the pump and discharge both de- 
crease, (6) the period during which the reversal of flow con- 
tinues until maximum discharge is reached in the reverse 
direction, and (C) the period between the maximum back- 
ward flow in the pipe line and the complete stoppage of the 
backward flow. He shows by graphical representation the 
conditions occurring during period (0b) when the line is 
equipped with a flap valve and when it is equipped with a 
surge suppressor. He concludes the paper with a discus- 
sion of surge conditions in the discharge lines of large 
pumping installations as established by test, and com- 
pares such conditions with calculated results, pointing out 
that the design engineer can predetermine such surge 
conditions and also calculate accurately the effect of vari- 
ous devices employed to limit water hammer in pumping 
plants. 


HE problem of water hammer in pump-discharge lines has 
ic treated for a long time only by cut-and-try methods. 
With the development of large motor-driven pumping units, 

there has been an increasing need for the determination in ad- 
vance of the surges to be expected under operating conditions. 
In a very few cases tests have been carried out in a careful 
and systematic manner, but in the majority of plants the tests 
have been limited to making a few measurements after the plant 
has been completed. In very rare cases research investigations 
have been made prior to the design and construction of the plant. 
One of the difficulties in determining the water hammer in pump- 
discharge lines by calculation has been the general lack of knowl- 
edge of pump characteristics. For most pumps no information 
is available in regard to their behavior under reversed flow or 
with reversed rotation. It is difficult to compare the perfor- 
mance under test with the theoretical methods of analysis as 
there is very little reliable information available and practically 
no laboratory research studies. It is, therefore, necessary to 


* Engineer, Klus Iron Works. Associate Member A.S.M.E. Com- 
mittee on Water Hammer, representing Switzerland. 

Contributed by the Hydraulic Division for presentation at the 

nd Water-Hammer Symposium, in cooperation with the Ameri- 
can Society of Civil Engineers and the American Water Works Asso- 
Clation, at the Annual Meeting of Tam AMERICAN Society or Me- 
CHANICAL ENGINEERS, to be held at New York, N. Y., December 
6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
AS.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

OTE: Statements and opinions advanced in papers are to be 


Understood as individual expressions of their authors, and not those 
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Comparisons Between Calculated and Test 
Results on Water Hammer in 
Pumping Plants 


By O. SCHNYDER,' KLUS, SWITZERLAND 


rely entirely upon the meager information obtained from com- 
pleted plants. 

During the last few years, several Swiss pump manufacturers 
have completed large pumped-storage plants combined with hy- 
droelectric developments. Among these plants are the 4500-hp 
Sulzer pumps for the Waggital power plant, and the 13,500-hp 
high-pressure pumps built by Escher-Wyss for the Tremorgio 
power plant, operating under a discharge head of about 900 m 
(approximately 3000 ft). In Germany, the same two compa- 
nies have constructed plants at Niederwartha, Herdecke, and 
Schluchsee, in which the pumping units range from 26,000 hp 
to 40,000 hp. Additional plants, include the Lassoula plant in 
France, the Urdiceto plant in Spain, and the Zappello plant in 
Italy. These last three plants are equipped with special quick- 
closing valves, designed by the Klus Iron Works. 

Among the relatively few technical articles published on the 
subject of water hammer in pump-discharge lines, may be men- 
tioned a contribution of W. Kuhne (1)? which describes the op- 
erating problems in pumping plants, and also a paper by the 
author (2). 

Where tests were made on the plants previously mentioned 
the agreement between theory and test was reasonably satis- 
factory. Where major discrepancies were found, they could be 
traced to air entrainment in the pipe lines or to the use of un- 
satisfactory pressure-indicating instruments. In one case, the 
water contained gas produced by waste materials which reduced 
considerably the velocity of the pressure waves. In another 
case, when the power supply to the pump failed, the pressure 
dropped so rapidly that cavitation conditions were reached within 
the pump and the discharge pressure dropped abruptly, and the 
flow also was reduced very rapidly. 

In long pipe lines under high pressures, the agreement between 
test results and theory is much closer than in low-head plants 
with short pipe lines. With low-head units, the problem of meas- 
uring the pressure correctly is of great importance as a time lag 
or lack of sensitivity in the instruments or the oscillation time 
of such apparatus may affect the result a great deal and may ac- 
count for the discrepancies which have been found. The oscil- 
lation time of a pressure gage should be at least one tenth that of 
the critical time (2L/a) of the pipe line. 

The most important water-hammer problem in motor-driven 
pumping plants is the surge condition in the discharge lines oc- 
curring upon the failure of the power supply to the pump motor. 
In certain cases, the suction line to the pump is of sufficient 
length to cause difficulty. 

In general, the surge which occurs when starting a pump is 
usually of less importance than that which occurs during emer- 
gency shutdown conditions. The difficulties regarding the 
starting of pumps can usually be taken care of by use of proper 
control valves or proper starting equipment, and also by taking 
particular care to see that all the air has been removed from the 
discharge lines. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Danger of resonance in the discharge lines is no greater than 
in turbine penstocks and can usually be avoided by proper 
construction. By means of the graphical method, an analysis 
can be made to determine whether or not resonant conditions 
will occur under normal operation. ' 

As previously mentioned, the principal problem pertains to 
surges which occur when the power supply to the pump drive 
suddenly fails. This is divided into two principal cases: (1) 
Low-head plants with discharge lines having a high velocity of 
flow, and (2) high-head plants which require close control of the 
pressure rise. 


Low-Heap Piants WitH Discuarce Lines Havine a HiGH 
VELOCITY OF FLow 


In discharge lines having a high velocity of flow under low 
heads it is possible, by the use of an ordinary swing-check valve 
placed at a sufficient distance from the pump, to limit the water 
hammer to a maximum of twice the normal working pressure 
without any particular requirements for heavy flywheel effect 
in the pump motor. A pressure rise in excess of this limit might 
result if the water column in the pipe line continued to flow up the 
line after the valve had closed, causing a break in the column 
with the subsequent heavy return surge. A breaking of the 
water column in the pump itself should have no serious effect, 
provided a suitable check valve was installed on the discharge side 
of the pump. This matter has been discussed in considerable 
detail by Angus (3). 


HicH-HEAD PLANTS REQUIRING CLOSE CONTROL OF PRESSURE 
RIsE 


In high-head plants conditions of economy require that the pres- 
sure rise above normal be held to much closer limits than is the 
case in low-head pumping plants. Careful studies are necessary 
in order to limit the maximum pressure rise to safe values. The 
phenomenon which takes place during the surge conditions in 
pump-discharge lines can be divided into three phases as 
follows: 

First Phase. Immediately upon the failure of the power sup- 
ply to the pumping unit, the speed of the pump will decrease and 
the discharge will also decrease. The pressure will drop rapidly 
and the water in the line will slow down and reverse its direction. 

The sudden drop in pressure can cause a break in the water 
column in the upper part of the pipe line or at any point where 
the surge gradient would fall materially below the atmospheric 
pressure. Such cases have been known to rupture the conduit, 
particularly where the thickness of the pipe in the upper section 
has been reduced because of the lower operating pressure. To 
avoid this difficulty it is necessary to arrange the profile of the 
line to keep a positive pressure at all times and to limit the rate 
of change of velocity to a safe value. 

The pump and motor must have a sufficient flywheel effect of the 
pipe line or must be provided with an air chamber. It may also 
be desirable to add check valves, surge tanks, or air-inlet valves 
at the upper part of the pipe line. The use of air-inlet 
valves may be a very satisfactory solution in cases where the 
breaking of the water column cannot be avoided and where 
other means, such as surge tanks, are too expensive. 

It is not possible to set up general rules to cover the solution of 
the surge problem for all plants and each installation must be 
studied individually. In many cases, however, the use of a heavy 
flywheel effect on the pump and motor will be of considerable 
advantage. In Fig. 1 is shown the relation between the flywheel 
effect of the pump and driving motor and the fall in pressure in 
the conduit at the pump. The pressure is shown as the or- 
dinate and expressed as a percentage of the normal working pres- 
sure. The abscissas are the relation 7 (between the starting time 
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of the pump and the reflection or critical time of the pipe line, 
uw = 2L/a. 

If the starting time of the pump be defined by the formula as 
T, = 0w/M, where @ represents the flywheel effect or moment of 
inertia, M the driving moment of the pump and w the angular 
velocity. The fall in pressure also depends upon the character- 
istic of the pipe line, K or p determined from the relation aV /gH. 

For a given pump at its normal rated capacity, the fall in pres- 
sure is determined by both the values r and K or p. This facili- 
tates the comparison between various tests and renders it un- 
necessary to calculate the fall in pressure for each installation, 
provided the pumps are similar. 

The fall in pressure in the first phase will be a minimum if no 
restriction takes place in the flow discharged from the pump, but 
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if the discharge valve were closed before the water column comes 
to rest, the down surge would be increased. It is possible to in- 
itiate the closing movement of the valve at the instant of the 
failure of the power supply to the pump, since the first part of the 
stroke will have little throttling effect upon the discharge, and as 
the water column slows up the flow through the valve will de- 
crease and the throttling effect will also be reduced. 

Surge suppressors, which open automatically upon the failure 
of the power supply to the pump, may cause a greater fall in pres- 
sure than would occur when they are not used. 

Second Phase. In the period from the time of reversal of flow 
until maximum discharge is reached in the reverse direction, 
there are four cases te be considered, which are discussed in 
the following paragraphs a, b, c, and d, respectively: 

(a) The first case is that with a flap or swing-check valve in 
the line. In this case a reversal of flow is impossible and the 
graphical representation is shown in Fig. 2. At the normal point 
of operation Ao, the pressure drops along the line AA, until 
the velocity reaches zero, after which the pressure will surge up 
and down between A: and Az, and the pressure rise will be equal 
to the amount the pressure falls below normal. With small fly- 
wheel effects, the maximum surge will reach a value of twice the 
normal head, provided there is no breaking of the water column. 

(b) The second case is that with a surge suppressor in com- 
bination with a check valve. A different condition would be 
found if a surge suppressor were used in combination with 4 
check valve and arranged to open as the check valve closes. By 
carefully regulating the rate of opening of the surge suppressor 
in relation to the check-valve operation, the pressure rise above 
normal can be reduced to zero. 

Fig. 3 shows the graphical solution of this case, the down 
surge being the same as in Fig. 2 up to the point A, when the 
surge suppressor opens in accordance with the relation in Fig. 34. 
The pressure gradually builds up to normal and the surge sup- 
pressor can then be closed slowly enough to hold the pressure rise 
to some predetermined value. 
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HYDRAULICS 


The maximum velocity in the pipe line due to the flow through 
the suppressor will be given by the relation V, = gh,/a, and from 
this the diameter of the surge suppressor can be calculated. 

The same surge suppressor might be operated in accordance 
with the graphical representation, Fig. 4, in which the opening 
movement of the surge suppressor is shown in Fig. 4a. In this 
case, the surge-suppressor opening is delayed but finally reaches 
some position at the end of the time As. 

It is not always easy to maintain the definite opening rate of 
the surge suppressor under all conditions and should the valve 
open too late, an excess surge will be experienced. For this rea- 
son it is desirable to initiate the opening movement of the surge 
suppressor during the first phase, that is, in the time between the 

ilure of the power supply to the pump and the time with which 
the velocity in the conduit reaches 0. The valve can continue 
to open in the second phase, but this will merely increase the area 
of the orifice. The graphical representation in this case is shown 
in Fig. 5 and the opening rate of the surge suppressor is indicated 
in Fig. 5a. The suppressor valve starts to open at A; and con- 
tinues up to A3. The opening rate is limited in the first phase 
to limit the fall in pressure. 

It is advisable to provide the surge suppressor with an ad- 
justable limiting device so that the maximum opening can be 
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regulated to suit the particular conditions of the individual in- 
stallation. 

By using the simple relations outlined, it is possible for the 
designer to determine both the flywheel effect and the dimen- 
sions of the surge-suppressor valve. 

(c) Fig. 6 indicates the conditions which exist in the second 
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phase when neither a check valve nor surge suppressor is used and 
the pump then operates in the reversed direction as a turbine with- 
out load. As the speed of the pump decreases and the flow stops, 
a point is reached where the pump may still be running forward 
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with the flow reversing. The pump will very soon reverse its 
direction and the general characteristics can be indicated by the 
family of curves R shown in Fig. 6. The maximum discharge 
possible will be indicated by the curve P,, which usually corre- 
sponds to the discharge through the impeller with the pump at 
rest. 

Whenever the discharge capacity of the pump during back- 
ward flow is greater than would be necessary in a surge-suppressor 
valve, then a quick-closing check valve can be utilized in the pipe 
line which can be equipped with a properly selected by-pass that 
will be kept open during the second phase of the phenomenon. 
This particular arrangement is shown graphically in Fig. 7. 

If pressure still exists on the pump side of the valve, then the 
area of the by-pass would be increased to compensate for the in- 
creased resistance to backward flow. The by-pass area might 
be fixed approximately so that the discharge through the pump 
will be equal to or slightly less than the corresponding discharge 
which would take place through a surge-suppressor valve. In the 
graphical representation, Fig. 7, this can be determined by 
adding the frictional resistance of the by-pass to the curve P, 
and curves R with the result that another curve P’, will be ob- 
tained. 

(d) Equivalent action to the combination of the check valve 
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and by-pass can be obtained with a check valve which can be 
closed rapidly in the beginning of the stroke, and then more 
slowly when, toward the end of the first phase, some predeter- 
mined opening is reached, the point being fixed at some opening 
to pass an equivalent discharge to that required in the previous 
eases (b) and (c). During the second phase this orifice is main- 
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Penstock velocity 


tained open or else closed very slowly until the danger of an ex- 
cess surge has passed. 

Third Phase. This phase is the period between the maximum 
backward flow in the pipe line and the complete stopping of 
backward flow. 

(a) With a quick-closing check valve which prevents return 
flow, the third phase corresponds with the second phase. The 
valve is closed and the flow in the line is zero. 

(b) In cases where a surge-suppressor valve is used, it must be 
closed very slowly in order to avoid excess pressure rise. The 
problem involved is similar to the closure of any free-discharge 
valve and the determination of the closing rate can be made very 
simply. 

(c and d) In the case where the flow goes back through the 
pump, the pump itself will have come to rest and reverse in di- 
rection, operating as a turbine at runaway speed without load. 
With the usual type of centrifugal pump, the discharge through 
the pump will be decreased and a surge above normal will be 
experienced. The flow at full runaway speed of the pump in a 
backward direction is represented by the curve P, in Fig. 8. On 
the same figure, the curve of discharge versus head for the pump 
at rest or at maximum backward discharge is shown by the curve 
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P’,. The further these two curves are apart, the greater the 
pressure rise will be as a greater reduction in flow takes place 
during the reversal of the pump. If, by the use of a by-pass or a 
quick-closing valve held open near the closed position, the con- 
dition shown in Fig. 7 will result in a new curve P’, which is 
brought nearer to P, and hence reduces the change in velocity 
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under these conditions. If a sufficiently large flywheel is added, 
the pressure rise will be reduced since the time required for the 
velocity change will be lengthened and the surge made less severe. 
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HYDRAULICS 


If the pump is equipped with movable guide vanes, the deter- 
mination of the pressure rise can be made readily by the graphi- 
cal method, since for each position of the guide apparatus the 
pump characteristic can be determined, and the closing action 
of the guide vanes is similar to the operation of a check valve 
during the third phase. 

The preceding explanations will give a reasonably clear idea 
of the different problems involved in the analysis of water ham- 
mer in discharge lines of centrifugal pumps. An understanding 
of the various features involved will permit a more accurate com- 
parison between the theory and the actual test results. In all 
of these examples, the effect of pipe line friction or of compound 
pipes (where variations in thickness and diameter occur) has been 
neglected since they are a minor factor in this problem. 


CoMPARISON OF Test RESULTS 


In Fig. 9 the variation of pressure with respect to time is shown 
for a pump discharging into a pipe line without a check valve 
and where the pump itself introduces the only resistance to back- 
ward flow. The flywheel effect of the rotating element is very 
small, and following the first fall in pressure a very heavy return 
surge is experienced in the second phase (about 30 per cent above 
normal). 

In Fig. 10 a similar diagram is shown where two pumps are shut 
down simultaneously in the same discharge line. The fall in 
pressure and the subsequent pressure rise are not doubled, but 
the rise is increased to only about 35 per cent above normal as 
compared with the 30 per cent rise experienced when a single 
pump is shut down. These correspond very closely to the values 
obtained by theoretic analyses. 

Figs. 9 and 10 also show the conditions in the same plant with 
a check valve installed to prevent any reverse flow except that 
which passes through a small by-pass having an area of one eighth 
that of the pipe line. With the same flywheel effect of the ro- 
tating element, the pressure rise during the second phase is re- 
duced materially (about 10 per cent above normal). This is 
probably due to the reduced rate at which the reversal of the 
pump rotation is effected, since the by-pass area is small and the 
effective head on the pump causing reversal is correspondingly 
reduced. 

In certain cases very heavy surges occur because the backward 
flow is restricted too much in the second phase, or because in the 
third phase the backward flow is shut off too quickly. In the 
Wiggital plant, tests have been made on a 5000-hp pumping 
unit. This plant was originally equipped with a check valve 
built in the pipe line and fitted with an air brake to retard its 
movement in the closing direction after the first phase of the 
down surge. Although an automatic by-pass was in operation, 
very heavy surges were experienced since the air brake delayed 
the initial closing of the main check valve and permitted a very 
heavy backward flow through the pump. When the valve finally 
closed, considerable velocity was destroyed with a resulting rise 
in pressure. The results of this test are shown in Fig. 11 as the 
solid line. A more accurate control was obtained by utilizing 
a water brake, and the broken line in Fig. 11 indicates the sub- 
stantial reduction in surge after this change in design. It is 
estimated that the same result could be obtained if the main 
check valve was closed completely in the first phase. 

Tests which have been made on electrically controlled check 
valves have given good results and are described in detail else- 
where by the author (2, 4). By the use of surge-suppressor valves 
the secondary pressure rise can be eliminated almost entirely. 
A test on equipment of this type has been described by Kerr (5). 
The fall in pressure following the shut down of the pumps 
in this plant was increased to some extent by the opening of the 
Surge-suppressor valves during the first phase of the problem. 
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(Solid linerepresents pressure with a check valve equipped with an air brake. 

Broken line represents — rise with the same check valve but Se 

with a water brake. low = 11181 per sec; delivery head = 262.8 m; 
pump power = 5000 hp; and pump speed = 750 rpm.) 


A theoretic analysis of the conditions will confirm this statement. 

Valuable information has been obtained on several large pump- 
ing plants installed by Escher-Wyss & Company in which the 
pumps are equipped with movable guide vanes for the control of 
the discharge. The tests on the Niederwartha plant are de- 
scribed by Hermann (6). In this instance the actual test results 
are compared with the calculations. 

The results of the tests on the Schluchsee plant are shown in 
Fig. 12. Each of the two pressure lines are connected to two 
pumps and the two discharge lines lead into a common discharge 
conduit. The test was conducted with one pump shut down in- 
stantaneously with the guide vanes partially open. A further 
analysis was made covering the complete shutdown of all four 
pumps simultaneously. In each case the arrangement between 
theory and tests is reasonably satisfactory. 
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In conclusion, it can be stated that the design engineer now 
has the means whereby he can predetermine the surge conditions 
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Fig. 12 PressurRE VARIATIONS IN CASE OF SUDDEN FAILURE OF THE 
Pump DRIVE AT THE SCHLUCHSEE PLANT 
(Pump characteristics: Delivery head = 200 m; pump speed = 333 rpm; 
power required for each pump = 23,850 hp; flow = 7.6 cu m per sec; gyra- 
tion mass GD? = 882,000 kg m*. Pipe characteristics: Length = 698.4 m; 
average diameter = 4.25 m.) 
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and also calculate accurately the effect of the various devices 
employed to limit the water hammer in pumping plants. The 
selection of the proper means to prevent excessive water hammer 
must be made in each installation with a view to determining the 
type best suited to the conditions and to provide the maximum 
protection with a minimum cost. 
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Relation of Relief-Valve and Turbine 
Characteristics in the Determination y 


of Water 


Hammer 


By EARL B. STROWGER,' BUFFALO, N. Y. 


HE GRAPHICAL method of determining the water- 
§ pt pressure in pipes is usable in solving many 

problems which, with other methods such as arithmetic 
integration, require considerable time and labor. It has been de- 
scribed in detail within the last few years by engineers of various 
countries who have written in several different languages. 
Among the various contributors who have presented many 
interesting applications of the method to specific problems, the 
names of Schnyder,? Bergeron,* and Angus‘ stand out. 

In general, the method involves the plotting of sets of simul- 
taneous equations relating flow or velocity to head, and takiug 
the form of a series of straight lines and a series of parabolas, 
the straight lines representing the pressure due to the direct 
and indirect water-hammer blows and the parabolas representing 
discharge through a series of orifices under varying heads. 


NOTATION 

g = acceleration due to gravity, ft per sec? 
Hy) = pressure head for steady conditions, ft 
H = pressure head for surge conditions, ft 
h = pressure rise above normal at any time, ft 

H 
h’ = ratio of total head to initial head, h’ = — 

0 

a = velocity of pressure wave, fps 


= time of gate travel (total), sec 
Vo = velocity in conduit for steady conditions, fps 
" = velocity in conduit for surge conditions, fps 
V; = velocity in conduit due to turbine discharge, fps 


‘Hydraulic Engineer, The Niagara Falls Power Co. Mem. 
A.S.M.E. Mr. Strowger was graduated in 1918 from the University 
of Rochester with the degree of B.S. From 1918 to 1919 he was 
engaged in shipbuilding work for the Interlake Engineering Co. of 
Cleveland, Ohio. He joined the staff of The Niagara Falls Power 
Co. in 1919 as a draftsman and designer. At the present time he is 
engineer of hydraulics with this company. In addition, he has been 
associated with the chief engineer, Norman R. Gibson in making 
efficiency tests on hydraulic turbines by the Gibson Method of water 
measurement. 

*“Water Hammer in Pump Discharge Lines,’ by O. Schnyder, 
Schweizerische Bauzeitung, vol. 94, nos. 22 and 23, 1929. 

*“Variations of Flow in Water Conduits,” by L. Bergeron, 
Comptes Rendues des Travaux de la Société Hydrotechnique de 
France, 1932, Paris. 

‘“Simple Graphical Solution for Pressure Rise in Pipes and 
Pump Discharge Lines,” by R. W. Angus, Engineering Journal 
(Canada), 1935. 
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cepted until March 10, 1938, for publication at a later date. Dis- 
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Nore: Statements and opinions advanced in papers are to be 
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Vr = velocity in conduit due to relief-valve discharge, fps 

v = total penstock velocity ratio at any time, v = V/V» (max) , 

vr = velocity ratio considering turbine discharge, vy = V7/Vo er 

Ug = velocity ratio considering relief-valve discharge, vg = 3 
Vpe/Vo 

K = pipe line constant, K = aVo/2gHo 

bo = initial gate-opening factor in equation, Vo = Bo Ho 

By = gate-opening factor of turbine at any time 

Bp = gate-opening factor of relief valve at any time 

J = velocity in conduit under normal head (Ho) at gate 
opening B, J = BV Ho 

tr = ratio of By to Bo, tr = Br/Bo 

Tr = ratio of Bz to Bo, rz = Br/Bo 


7 = 


ratio of (Br + Br) to Bo, r = (Br + Br)/Bo 
Numerical subscripts indicate interval number. 


HiIsTORICAL 


As a matter of historical interest, the somewhat parallel de- 
velopment of the graphical method in America and in Europe is 
mentioned here. The basis of the method was first published by 
F. M. Wood of McGill University in a technical discussion printed 
in 1926 and dealing with water hammer in connection with the 
problem of speed rise of hydraulic turbines. The simultaneous 
equations used by Wood to develop the method were derived 
from the water-hammer formulas of Dr. N. R. Gibson. These 
equations for the first interval were 


For the second interval 


V2 J2 


Vo Vo 


hy _ aVeo 
Ho gHo \Vo Vo Ho 


he 
ny 
Ho gHo Vo Vo Ho 


The Gibson formulas developed in America by Dr. N. R. 
Gibson in or about the year 1919, were based upon the work of 


5 Discussion by F. M. Wood, pp. 243-252, of ‘‘Speed Changes of 
Hydraulic Turbines for Sudden Changes of Load,”’ by E. B. Strowger 
and 8S. Logan Kerr, Trans. A.S.M.E., 1926, vol. 48, paper No. 2009, 
pp. 209-262. 
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Professor Joukowsky of Moscow, Russia, and were developed 
quite independently of the work done in Europe by Professor 
Allievi. 

In Europe in 1928, Dr. Loewy of Vienna, Austria, developed 
the same graphical method independently of the work done by 
Professor Wood, and this work was described in 1932 in Klus, 
Switzerland, by Dr. Schnyder* who applied the method to the 
determination of water hammer at intermediate points on the 
pipe as well as at the gate. 


TxHE GOVERNOR-OPERATED RELIEF VALVE 


To obtain an accurate determination of the water-hammer 
pressure which may take place in a penstock, it is necessary 
to take into account in the computations all the factors which 
influence the discharge-time curve of the penstock. In the case 
of a simple penstock installation without branch connections, 
surge tank, or relief valve, etc., this would involve (a) the gate- 
discharge rating curve of the turbine; (b) the gate-time curve of 
the turbine, and sometimes (c) the speed-discharge curve of the 
turbine although in most cases this last factor may be omitted. 
To establish these characteristics definitely, it is desirable to 
make use of acceptance tests or rating tests and sometimes model 
tests of the turbine. 

In the case of a hydroelectric unit with a governor-operated 
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relief valve, the gate-discharge and gate-time curves of the valve 
must also be known. Furthermore, the action of the turbine 
must be related to that of the valve for gate movements from 
various initial positions in order to fix the mazimum water hammer 
which may be obtained, because a closure from full gate to zero 
gate does not necessarily produce the maximum water-hammer 
pressure, as is shown hereinafter. 

Using the suffix 7’ to refer to the turbine and RF to refer to the 
relief valve, then V7 defines the velocity in the penstock caused 
by the turbine discharge and Vz the velocity in the penstock 
caused by the relief valve. We may use lower-case letters for 
indicating velocity, head, etc., in terms of relative values. These 
relative values relate quantities at any instant to_the initial 
quantities. Thus 


Then for the turbine 


¢ “Uber Druckstosse in Rohrleitungen,’”’ by O. Schnyder, Wasser- 
kraft und Wasserwirtschaft, March, 1932. 
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Vr Bry — 
Ur Ve Bo [1] 


For the relief valve Bp may be related to the initial turbine-gate 
opening factor By and Hx to Ho as follows: 


Ve Br ./H 
ve = Vo Bo Hy = Tp (2] 
For the penstock 
v = 07 + Up = (Tr + TR) V {3} 


CoMPUTATION NEGLECTING FRICTION 


A computation for a 54-in. governor-operated relief valve 
installed on a 29,000-hp hydraulic turbine is given below. No 
surge tank was installed in connection with the turbine. The 
pertinent physical data of the plant are as follows: 


Velocity of pressure wave, fps..................00ceeees 2300 
Initial load, 


= 3.45 sec 


— TURBINE 


VALVE. 


END OF GATE 
CLOSURE 
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Fie. 2 Gare-Time Curves 
(Net head 246.4 ft; 66 per cent gate to zero.) 
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Fig. DiscHarGe-Time Curves 
(Net head, 246 ft; 66 per cent to zero.) 


The gate-discharge curves of the turbine and relief valve are 
shown in Fig. 1 and one of the gate-time curves in Fig. 2. The 
resulting discharge-time relations for a uniform net head of 246.4 
ft are shown in Fig. 3 which also gives the penstock discharge 
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HYDRAULICS 


TABLE 1 GATE MOVEMENT 66 PER CENT TO ZERO 
Discharge cfs 


-——Time—— — h’ = 1 ——-Values of »—~ 
Inter- Relief h’ = h’ = o = 
vals Seconds Turbine valve Penstock +f 1.137 1.298 1.461 
0.0 0.0 1075 0 1075 1.0 1.066 1.138 1.208 
0.25 0.86 1010 51 1061 0.987 1.053 1.125 1.193 
0.50 1.73 910 110 1020 0.949 1.012 1.080 1.147 

.75 2.59 798 162 960 0.893 0.952 1.016 1.079 
1.00 3.45 685 220 905 0.842 0.897 0.958 1.018 
1.25 4.31 575 267 842 0.783 0.834 0.892 0.946 
1.50 5.18 489 310 799 0.743 0.792 0.846 0.898 
1.75 6.04 413 344 757 0.704 0.750 0.802 0.850 
2.00 6.90 349 370 719 0.669 0.713 0.762 0.808 
$3.25 4.90 304 390 694 0.645 0.687 0.734 0.779 


time curve assuming a uniform head. From this curve, Table 1 
has been prepared by using Eq [3] to obtain the family of pa- 
rabolas giving discharge and head from the particular gate open- 
ing obtained at each interval point. 

These parabolas have been plotted in Fig. 4 which is the 
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Fie. 5 v-h-r DiaGRaAM FOR TURBINE WiTtH GoveRNOR-OPERATED 
VALVE 
(Closure 66 per cent to zero. Friction considered.) 


v-h-r diagram neglecting friction. The lines OM, B,P, etc., 
represent the direct water-hammer blows and have a slope equal 
to —aVo/gH» as may be shown as follows. The relation between 
pressure rise in feet of water and velocity change fps is 


AH 


Whence 
Hy + AH H aAV 
Ho 0 gHo 
and 
gHo 
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But the slope of a straight line drawn to coordinates of h and v 
is equal to 
h’—1 h’—1 
Av AV/Vo 


where Ap is measured from the initial point (1.0, 0) and therefore 
this slope must be 


The lines B,A;, Bi,25A1,25, ete., represent the indirect water-ham- 
mer blows and have a slope equal to 
aVe 
gHo 
The A points represent the conditions at the turbine and the B 
points represent the conditions at the forebay of the power plant. 
After the parabolas have been drawn, the line OM is drawn 
V 
with a slope equal to — oa and passing through the point A» 
0 


which has the coordinates (1.0, 0). The intersections of the line 
OM with the parabolas r = 1.0, r = 0.987, r = 0.949, r = 0.893, 
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Fic. 6 PressurE-Time CURVES AT THE TURBINE AND RELIEF 
VALVE FoR Figs. 4 anno 5 


and + = 0.842 give the head and velocity conditions at intervals 
0, 0.25, 0.50, 0.75, and 1.0, respectively. 

The A points in the second interval are obtained by drawing 
lines through corresponding points of the first interval having a 


V 
slope of + ae = +3.30 and determining the points of inter- 
0 


section with the line h’ = 1 from which points new slope lines 
parallel to OM are drawn intersecting the parabolas representing 
the corresponding phase in the second interval, i.e., the point A: 
is found by drawing A,N through A; and with slope +3.30 de- 
termining B, through which the line B,P is drawn intersecting 
the parabola for the second interval at A». 


CoMPUTATION CONSIDERING FRICTION 


Fig. 5 is presented to show one method of making the diagram 
with friction taken into account. The method has been pro- 
posed by Professor Bergeron® and is approximate in that it as- 
sumes all the friction concentrated at one point in the line. 
The diagram is similar to the one given by Fig. 4 except that the 
line RS is drawn below the line h’ = 1 by a distance representing 
the friction loss in the pipe line and instead of using one set of 
working points a second set placed below the first set by a dis- 
tance equal to the friction loss gives the true pressure rise. 
Referring to Fig. 5 the initial point Ao as given in Fig. 4 is placed 
at A’, which is located at the intersection of the line RS and the 
parabola r = 1.0. From a point A”> on the line h’ = 1 and 
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vertically above A’o, the slope line A"oM is drawn. The curved 
line NA’y is then drawn below A"oM by the amount of the fric- 
tion loss as measured by the vertical distance between RS and 
TAo. The intersections of the line NA’y with the various pa- 
rabolas give the head and velocity conditions at the intervals 
represented by the 7 lines. The points immediately above these 
points and located on the straight line MA"> are the working 
points to use in drawing the lines of positive slope representing 
the indirect water-hammer blows and extending down to the 
line T'Ay to determine points from which to draw more lines of 
negative slope to determine the head and velocity conditions 
during the second interval, etc. 

If it is desired to take into account the velocity head at the 
entrance to the turbine, it may be combined with the friction loss 
in the pipe line in determining the line RS which in this case 
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Fic. 7 DiscHarGe-Trme Curves OF TURBINE AT START OF GATE 
CLOSURE 


would represent the recovery of friction and velocity heads as 
closure takes place. In either case, at v = 0, the line RS will pass 
through h’ = 1.0. 

The v-h-r diagram neglecting friction indicates a pressure rise 
of 32 per cent, and the one taking friction into account gives a 
pressure rise of about 28 per cent. 

Fig. 6 shows the pressure-time curve at the turbine and relief 
valve for Figs. 4 and 5. 


Errect oF SHAPE OF GATE-DISCHARGE CURVE AND OF GATE 
Morion 


Fig. 1 shows that in the range of high turbine gate opening the 
gate-cfs curve is rather flat, which would result in a small initial 
rate of decrease of v; with closure starting from such a gate open- 
ing. On the other hand, the rate of increase in vg is a maximum 
at the start of the motion. The combination of these two factors 
may result in creating an increase in v at the start of the motion. 
This tendency is indicated by the penstock discharge curve of 
Fig. 3 which shows a small increase in v at the start. Fig. 7 
shows the shape of the discharge-time curves of the turbine at or 
near the start of closure for three different gate openings. The 
curve for a gate movement of 85 per cent to zero shows a con- 
siderable imcrease in penstock velocity at the beginning of the 
movement. The effect of this particular gate motion is shown by 
the v-h-r diagram of Fig. 8 which indicates that a negative wave 
first starts up the pipe. 
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Tests 


Pressure-rise tests made on the 29,000-hp turbine and 54-inch 
relief valve before mentioned were made in 1936. The results of 
these tests may prove to be interesting in connection with the 
computations of pressure rise made to check them. They con- 
sisted in measuring the maximum pressure rise at the turbine and 
the speed rise of the unit accompanying the tripping of various 
loads off the unit. Electric boilers used for loading the unit al- 
lowed the selection of any load desired within the capacity of the 
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Fie. 8(a) »-h-r DiaGRAM FoR TURBINE GoVERNOR-OPERATED 
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(Closure 85 per cent gate to zero.) 
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ACTERISTIC OF TURBINE 


unit. The loads actually tripped varied from 8000 to 21,900 kw. 
The pressure rise was measured by each of three calibrated 
gages, one of which was a special test gage, and the speed rise was 
measured by a calibrated tachometer. The rate of gate motion 
was measured by means of an instrument called a “gate-opening 
recorder” which comprised a drum driven by a motor of constant 
speed, a sheet of “‘metallic recording paper’ mounted on the drum, 
and a metallic pointer attached to the servo-motor mechanism 
and arranged to mark on the paper. This device accurately 
determined the position of the gate at any instant during the 
closing motion, the position just prior to the shutdown, as well 
as the time of duration of the gate stroke. 

The value of a had been previously determined by tests made 
with a pressure gage and a small motion-picture camera by ob- 
taining one complete interval of a square-topped wave. The 
wave was produced by closing the turbine from 10 or 11 per cent 
gate to zero in six or seven seconds. The value of a for the 
whole pipe was determined to be about 2400 fps. By computa- 
tion the values of a for the intake, the wood-stave pipe, and 
the steel pipe were determined to be as follows: 


Length, ft a, fps 


The computed value of a for the combined pipe is 2200 fps. 
For the purpose of making the water-hammer computations the 
value of a selected for the whole pipe has been taken at 2300 fps. 

The relatively high value of a for the wood-stave line is a¢- 
counted for by the heavy construction of the pipe. The staves 
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sq in. to about 5.96 sq in. 


varied from 3'/. in. thick at the upper end to 5 in. thick at the 
lower end and the area of bands per ft of pipe varied from 0.885 
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Fig. 9 shows the results of the regulation and pressure-rise 
tests, and also gives the results of the computation on water 
hammer. The curve shows the maximum pressure rise for each 
of the various initial gate openings from which the gate has 
traveled to the zero position. Each point on the curve represents 


. a closure from some particular gate opening and gives the maxi- 


mum points which would be taken from curves of pressure with 
respect to time or speed with respect to time. The agreement, 
in general, is within about 4 to 5 per cent of the pressure rise and 
the shape of the computed curve is very nearly the same as the 
experimental one. Some of the difference may be accounted for 
by taking into account the influence of the speed change on the 
runner discharge as discussed later. A maximum pressure rise 
of 42 per cent was obtained with a closure from about 3.3 in. 
servo-motor stroke or about 36 per cent gate opening, at which 
point the equivalent gate traversing time of the governor is about 
5 sec or about 1'/, intervals. 

The speed-rise curve suggests that the turbine discharge-speed 
characteristic should perhaps be taken into account in com- 
puting the water hammer. The increase in speed of the turbine 
may cause the parabolas of the v-h-r diagram to change their 
positions slightly. The effect of the speed rise in the case of the 
closure represented by Fig. 8(a) was to cause the parabolas to 
move slightly to the left. The net result was an increase of about 
1 per cent in the water-hammer pressure over that already com- 
puted. 
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The Application of Heaviside’s Operational 
Calculus to the Solution of Problems In 
Water Hammer 


By F. M. WOOD,! MONTREAL, CANADA 


The author points out that Heaviside’s operational 
calculus, which has been used extensively in connection 
with electrical surges in transmission lines, may be used 
in the study of water hammer even though certain limi- 
tations are involved because of necessary approximations 
which must be made when applying it to hydraulics. In 
spite of these limitations, the method is useful in clarify- 
ing many surge problems, verifying some truths which 
have been established by other methods. It is not the 
purpose of this paper to attempt to cover the entire field 
of surge problems, but to introduce Heaviside’s opera- 
tional calculus in the field of hydraulics for the study of 
water hammer. 


T HE nomenclature used in this paper is as follows: 


D = diameter of pipe 

L = length of pipe 

A = area of pipe 

P = pressure, lb per unit area 

V = velocity 

x = distance of section along pipe 

K = volume modulus of compression of water 
b = thickness of pipe walls 

E = modulus of elasticity of pipe walls 

f = friction coefficient 

w = weight of unit volume of water 

g = acceleration due to gravity 

k, = friction factor for linear approximation 
Z = static head 

W = w/g; Q = (1/K) + (D/bE) 

p = operator d/dt 

t = time variable 

T = particular time 


1 Assistant Professor of Civil Engineering, McGill University. 
Associate Member, A.S.M.E. Committee on Water Hammer, repre- 
senting Canada. Professor Wood was graduated from Queens 
University, Kingston, Ontario, Can., in 1911 with an M.A. degree, 
and received a B.Sc. degree from the same university in 1914. He 
served with the Canadian Field Artillery and the Royal Air Force 
in France during the World War. From 1919 to 1921 he was a 
lecturer at Queens University, and from 1921 to 1923 was engaged 
in irrigation construction work in the Lethbridge Northern Irrigation 
District, Alberta, Can. He served in the hydraulic department of 
the Dominion Engineering Works, Montreal, Canada, from 1923 
to 1925, and since that date has been at McGill University. 

Contributed by the Hydraulic Division for presentation at the 
Second Water-Hammer Symposium, in cooperation with the American 
Society of Civii Engineers and the American Water Works Association, 
at the Annual Meeting of THe AMBRICAN SocreTy oF MECHANICAL 
~~ jaan to be held in New York, N. Y., December 6-10, 


Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 
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understood as individual expressions of their authors, and not those 
of the Society. 


a 


velocity of pressure wave 
period of pipe line = 2L/a 


Heaviside’s operational calculus has been used extensively 
in connection with electrical surges in transmission lines, and 
since the subject of water hammer is an analogous one, it may 
prove amenable to similar applications of the method. However, 
there are certain limitations of the method which should be 
mentioned at the outset, but which should not prevent the 
attempt from being made since all theories suffer from similar 
handicaps, in one way or another. In the practical solution 
of particular cases, so many conditions of an indeterminate nature 
are present that approximations are inevitable. Any theory 
to be of value should take into account the important facts of 
the problem, and make use of approximations to a minimum 
extent. The more true to facts and the fewer the approxima- 
tions, the better the theory. In hydraulic problems, approxi- 
mations are found necessary for two main reasons: (a) the 
inability of the mathematical theory to solve the complete 
equations of flow (e.g., friction terms), and (b) peculiar char- 
acteristics of the various hydraulic machines involved (e.g., 
pump and motor characteristics, or governor action in a turbine). 
The use of graphical methods in solving the theoretical equations 
for successive short intervals of time has been found to be of great 
help. 

The Heaviside calculus was developed for electrical problems, 
and can solve only linear differential equations (linear networks 
in electrical problems). In hydraulics it is usual to assume 
friction to vary as the square of the velocity, making the friction 
term in our equations a quadratic term; hence, an approxima- 
tion is necessary here. Again, the Heaviside method requires 
the sudden application at zero time of a constant pressure (or 
velocity), or of a pressure (or velocity) which can be expressed 
as a known function of time. In problems where this is not the 
case (e.g., problems involving the characteristics of a pump or 
turbine) approximations are necessary. 

In spite of these limitations, this method is useful in clarifying 
many surge problems—verifying some truths which have already 
been established by other methods. It is not the purpose of 
this article to attempt to cover the entire field of surge problems, 
but to introduce this valuable tool to the hydraulic fraternity. 
In the various examples, no detailed study will be given of the 
operational part of the work; however, the bibliography given 
at the end of the paper should be of help to those desiring to 
investigate this method further. 

The Fundamental Differential Equations of Flow in Pressure 
Channels. In Fig. 1 are shown the conditions of flow at two 
successive instants 7’; and T,; the element AB = Az has moved 
to CD. 

Denoting the pressure and velocity at A by P and V, re- 
spectively, then 
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Similar expressions will give the various velocities. 

Since the diameter of the pipe varies little in comparison with 
the pressure (of the order of 1/2000 in ordinary pipe lines) it 
may safely be assumed that the diameter or area of the pipe is 
constant in comparison with pressure. 

It may also be shown that the reduction in length of an element 
of water Az due to an increase in pressure AP is Ax[(1/K) + 
(D/bE)|AP. Also 


1 OV 1 OV 
A.C = + 412%) a | 


oV 1 OV 
B,D = (v4 a2) +122) a | 
Here all terms have been retained and are canceled where per- 
missible at the end of the analysis. 


A ax 


B 
() () Time T, 


—— > Positive forx,V 


Time 


1 


There are two conditions of flow: (a) The resultant force acting 
on the element is equal to its time rate of change of momentum, 
and (b) the element AB must compress into the element CD. 

Assuming a uniform horizontal pipe, and substituting our 
various expressions for the pressures and velocities, assuming also 
that the force of friction is (4fL/D)(V?/2g) feet of water, or 
(4fwA /2Dg) V? Az lb, the two conditions of flow reduce to 


ov. 6/1. _ ap 


The terms V(0V/0z) and V(0P/dz) should be noted. 
Usually the partial derivatives with respect to x are small com- 
pared to the corresponding partial derivatives with respect to 
time, so that these terms may with safety be neglected. Solu- 
tions for uniform pipe lines have been worked out by the author 
with these terms included, but wherever they are found they 
involve the extra factor [(1/K) + (D/bE) ] which is known to be 
negligible compared to unity. 


+ B 
0 Vin 


Velocity 
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The nonlinear terms are [(2fw/gD)V*], V(O0V/dz), and 
V(0P/0dx). The friction term is the only important one, and 
requires an approximation. In these studies, certain examples 
will be solved first neglecting friction, and later assuming friction 
to be linear or varying directly with velocity. 

For this purpose 


2fu 
gD 


2fw 
V2? = —(k,V..)V 
gD (ky m) 


For k, = 1, the friction is represented by OA in Fig. 2; for ky = 
*/,, it is represented by OB. The latter assumption (OB) would 
appear to be most accurate where the velocities ranged from 0 
to V,,, and the former (OA) where only zero velocity and V,, are 
involved. One thing in favor of the use of a linear friction term 
is that for reversal of flow the sign of the friction term changes 
automatically. Development of theoretical solutions with a 
quadratic friction term are difficult in cases of reversal of flow. 
Equations [1] and [2] are true for a horizontal pipe line. For 
an inclined pipe, the pressure P must be replaced by the sum of 
the pressure and static head, i.e., for P write P + Zw. The 
various examples constitute the remaining portion of this paper. 


EXAMPLE 1 


Use the simple uniform horizontal pipe of length L, diameter 
D, running full under pressure from a reservoir with velocity 
Vn. Let the gate suddenly be closed at the lower end of the 
pipe. Friction is to be neglected in this example. 

By applying a sudden constant velocity, —V,, at time zero, at 
the lower end, the solutions will give the resulting surges of 
pressure and velocity, which must be superimposed on the con- 
stant steady-flow conditions to obtain the actual pressures and 
velocities during the surging. 

The simplified equations of flow are 


oP _ wv _ 


{3] 
org at 
D\ oP oP 


Using P for pressures, and p for the operator (d/dt), these lead to 


av 2 aP 


The operational solution of this is 


P = A, cosh pr V WQ + B, sinh pz V QW....... (6) 


where A, and B, are arbitrary constants to be determined by the 
conditions of surge. For velocity there is W(0V/dt) = 
—(dP/dz) or 


WoV = —p VWQ (Ai sinh pr V WQ + Bi cosh pz V WQ) . 7] 
which reduces to 


V =—V0Q/W (Aisinh pz VWQ + B,cosh pz VWQ). 


Insert now the surge conditions P = 0 at intake z = 0 (i.e. 
no pressure surge at intake), and V = —V,, at gate z = L 
(i.e., this suddenly applied velocity at lower end results in actual 
zero velocity during the surge). These two conditions give A: = 
0 and V, = V(Q/W)B, cosh pL*\/WQ. Substituting for A: 
and B, in Equations [6] and [8] gives the operational solutions 
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cosh pL VWe 


The interpretation of the operator [(sinh px V wWQ)/(cosh 
pLV is shown in Fig.3. Here the time unit 7 = 2LV WQ 
and the breaks in the function occur at intervals +[(L — r)/ 
(2L)|T on either side of the instants 7, 27, 37, etc. At the 
section x from the intake, there is no surge until the time ¢ = 
((L — x)/(2L)|T, the pressure then surges up an amount V,, 
VW/Q, and after that alternates down and up as shown. A 
complete cycle occurs in time 27’, and the complete picture is that 
of a positive pressure wave traveling up the line at a velocity of 
(L — x) ft in ((L — z)/(2L)|T sec, or 2L/T = 1/- WQ fps. 
When this wave reaches the intake it sets up a return negative 
wave of the same magnitude which cancels the first wave as it 
proceeds downstream. Then a negative wave starts up the 
line followed by a return positive canceling wave. The agree- 
ment with Allievi's solution will be recognized and it is possible 
in the future to denote the velocity of the pressure wave 1 / JV WQ 
by a. The magnitude of the pressure rise is V,.(W// WQ) 
= V,,(w/g)a lb or aV,,/g ft of head, as expected. 

The interpretation of the operator [(cosh pz V We) /(cosh pL / 
JV WQ) ] is shown in Fig.4. The breaks occur here at intervals of 
+((L — 2z)/(2L)|T from times T, 27, 37, ete. as for pressure 
surges. If we superpose these velocity surges of —V,, and 
—2V,, on the steady initial velocity +V,,, the resulting velocity 
during the surge alternates between +V,, and —V,,. Before 
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IeXAMPLE 2 


In this example, consider the compound pipe shown in Fig. 5 
with the gate at the lower end suddenly closed. The upper and 
lower sections of the pipe L are denoted by the subscripts 1 and 
2, respectively. The general operational equations, neglecting 
friction are 


P, = A, cosh WQ, + Bisinh [11] 
P, = Azcosh WQ: + Brsinh [12] 
Vi = —VQ:/W (A: sinh + By cosh WQ,) . [13] 
V2 = —VQ./W (Assinh pr WQ: + Bs cosh pr WQ,). [14] 


The conditions of flow are: P; = Oatr = L,; V; = —V,, atz = 
L, (assuming velocity initially at lower end is V,,); Pi: = P2 
at z = 0; and D,?V; = D,*V; at z = 0. Note that these are 
the continuous conditions of flow after the gate has been closed. 

Substituting these conditions and solving for the arbitrary 
constants A;, As, B,, and B;, the following pressure solutions are 
obtained 


P, = 
V.V W/Q: sinh a(L; + 2) 
sinh sinh + V (Q:/Q;)cosh aL, cosh 


P, = 


V/W/Q: {sinh aL, cosh + (D,?/Dz") VQ:/Q: cosh aL; sinh 


25T 
Time 
Fie. 3 
+2 


Time 
a? 
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leaving this example, it may be useful to explain the interpreta- 
tion of these operators, and their connection with the traveling 
waves. The pressure operator (sinh az/cosh al), where a = 


pV WQ, may be expanded to 
= — 2) — + 4 
= — 2) — g—alL + 2) — e—2aL 


The operator = ¢—?(b—2) signifies a delay in 
time of (L — a)V WQ; up to that time it is equal to zero, after 
that time equal to unity. Hence, the first bracket represents the 
Positive wave, inoperative until the time (L —2)V Wa, and the 
canceling return wave inoperative until the time (L + z) / wa. 
Each successive term in the second bracket represents successive 
double waves (direct and return). 


Equations [15] and [16] must be expanded into series of ex- 
ponentials. Denoting by C the expression 


D2V-Q: — DV 


Dev Q, + D2V 


tien the expansions for the first few terms are 


P, = VaV W/Q: (1 — C) + — 
[1— Cg—2aala (1 — — ete). 


A 
x--L, x=0 x-+Le 
Fig. 5 


P; = W/Q: + — Ce—2art 
+ C2 — __ (1 —_ — 2aew 


— (1 — — ote}... [18 


where a; = and a, = pV 

A study of Equations [17] and [18] determines that the initial. 
wave V,,V (W/Q:) = P,, travels up the lower pipe with velocity 
a. When it reaches x = 0, the change in section, it continues 
through at velocity a,, at the same time setting up a return wave 
of —CP,,, and an additional forward wave of —CP,, so that the 
wave from B to A has magnitude P,,(1— C). On reaching A, 
a return wave is set up —P,,(1 — C), which cancels the direct 
wave as far as B. This wave travels through B toward A un- 
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changed, but sets up an extra wave, +C times itself, i.e., 
—C(1 — C)P,, which goes both ways from B. On reaching the 
lower end, the wave sets up a return wave up the pipe exactly 
equal to itself, unchanged in sign. Thus, whenever a wave 
passes B, going up the pipe, an extra wave is started both ways 
of —C times itself. A wave passing B going down the pipe sets 
up an extra wave +C times itself. On reaching the intake the 
return wave is of opposite sign. On reaching the gate, the return 
wave is of the same sign. Equations [17] and [18] could be 
arranged to show this wave action more clearly and to proceed 
indefinitely in time. Note that these results check with the 
study of compound pipes by Billings, and coauthors.? 


EXAMPLE 3 


In this example, consider the uniform pipe between two reser- 
voirs, as shown in Fig. 6, when the gate valve is gradually closed 
at some intermediate point, the area being reduced uniformly 
with time until it reaches zero at time 7;. In this figure, the gate 


A B Gate c D 


x=-L, x=L; 
x-LotLs 


Fria. 6 
is represented by the pipe length BC of variable area. The 
function F, shown in Fig. 7, which increases uniformly from 0 


to F,, in time 7; and remains constant at F,,, is represented by 
the operational form 


= (F,/Tip)(1 — 
This is evident by expanding 


—Tip — 
1 


since e—7"? is zero up to t = T}, and unity thereafter. 
Since this function denotes the reduction in area of the gate, 
the expression for the gate area is 


Di? {20} 
or, for convenience 
D3? 1—e—TP 
— = — —— = 1 — Fj........... 21 
Di Tip 


We assume also for convenience that the wave velocity through 
the gate is the same as that in the main pipe. Our example 
then reduces to a pipe having three sections, the upper and lower 
ones constant and the center, of length L;, variable in area. 
Using subscripts 1 and 2 for upper and lower sections, and 3 for 
the gate, the operational expressions are 


P, = A, coshaz + B, sinhaz........... [22] 


and 
V, = — VQ/W (A, sinh ax + B, cosh az)... .[23] 


where n = 1, 2, or 3 depending on the section, and a = pV QW. 
Conditions of flow during the surge are P; = 0 at z = —L,; 
P; = Qatz= In + P, = P; at 0; = P;atz = 

2**High-Head Penstock Design,’ by A. W. K. Billings, O. H. 


Dodkin, F. Knapp, and A. Santos, First Water-Hammer Symposium, 
A.S.M.E., 29 West 39th Street, New York, N. Y., 1933, pp. 29-63. 
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Ls; + Vi)D2 = (Vy + Vs)D3? at = 0; and (V,, + V2) 
D2 = (Ve + V3) Ds? atz = Ls. 

In the last two conditions (V,, + Vi) = actual velocity in 
upper section, and similarly for (V,, + V2) and (V,, + Vs) since 
V, = imposed surge velocity. Substitution and solution for the 
arbitrary constants leads to the six operational expressions for 
the pressures and velocities. Those for only the upper section 


are 
P, = VaV W/Q Fasinh a(L; + 2)Y........ (24) 
V,; = —V,,Fs cosh a(L,; + z)Y.......... 25) 
where 


[sinh a(L, + Ls) — sinh al, F sinh aL,(cosh als — 1)} + 
{ [sinh a(L; + + Ls) — Fs[2 sinh al, sinh al, sinh al, 
+ cosh aL; sinh a(L; + L,)) + F;*sinh al; sinh al, sinh } 


To simplify the discussion, assume the gate to be at the lower 
end, that is, Lz = 0, whence 


Vin V W/Q Fssinh a(L; + 2) sinh als 
+ sinh a(L; + Ls) — F; sinh aL, cosh aL; 


[26] 
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It is evident that reduction of L; to zero reduces this operator to 
zero. The reason for this is that the waves which are reflected 
from the lower end of the gate cancel out the waves which pro- 
ceed upstream from the upper end of the gate. Neglecting 
friction losses, the gradual closing of a gate between two reser- 
voirs has little effect on the pressures according to the elastic 
formulas. The reduction in velocity causes the pressure rise, 
but this pressure rise cannot be used to increase the velocity 
through the gate. The usual practice of assuming the velocity 
through the gate as varying with VY Hy + Hz where Hy = 
normal head (i.e., head absorbed by friction) and Hz = pressure 
rise, is not based on elastic properties, but is an approximation 
partially based on friction losses. Here it is virtually assumed 
that the total friction head is normally available to give a dis- 
charge through the gate, i.e., V (gate) = constant V/ 2gH, and 
that the pressure rise increases this available head. However, 
the H, loss is distributed all along the pipe, and the pressure rise 
Hp does not extend over the full pipe length except at one 
instant. 


EXAMPLE 4 


In this example consider gate closure at the lower end of a 
simple pipe line discharging into the air, the area being reduced 
linearly to zero in time 71; friction to be neglected. This is 
similar to example 3 but with L, = 0 and gate conditions such 
as to give no reflections of waves. To obtain this, it may be 
assumed that the gate length J, is infinite and, on this assump- 
tion, it will be necessary to change the form of the operational 
expressions for P; and V; to 
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The surge conditions are P; = Oat = —L,; P, = = 0: 
(V; + V,,) Di? = (V3 + V,,) Ds? at zr = 0; and P; is finite for 
z= @, The last condition is the only one that is new (to replace 
P; = 0 at x = L;) and it gives A; = —B;. Substituting and 
reducing, there results 


Ww Fs sinh + 2) 
P, = Ve eee [29] 
cosh al, + (1 — sinh al; 


and similarly for V,. Transforming these hyperbolic functions 
to exponentials, this becomes 


W F, 


=" 
Ps —2aLi 
[a0 
+5 [30 | 


From Equation [30] it may be seen that the direct pressure wave 
we Vu V (W/Q) [F;/(2 — F;)], and each reflected wave at the 
gate is +F;/(2 — F;) times the preceding wave from which it 
springs, or —F’;/(2 — F;) times the preceding outgoing wave. 
Within the time 0 to 7;, we may replace F; by 1/7:p._ This 
gives the magnitude of the first direct wave as VaVW/Q 
{1/(27;p — 1)] which expands to — /W/Q. 
If there is no interference with returning or reflected waves, the 
pressure rise will therefore be V,, VW/Q(Ve— 1) or 0.649 
V.V W/Q at t = 7; after passing a given section, or 65 per cent 
of the pressure rise for instantaneous gate closure. The first 


reflected wave at the gate (at t = 2L,/a) is —V,, V (W/Q)[1/ 
(2T,p — 1) ]* which expands to 


—V,, Q (2 oT, + oT, +, etc. 
W t 


This analysis checks well with example 3. Using a finite Ls, 
it is found that the initial wave setting out from the upper end 
of the gate (not interfered with by reflections at x = L;) has the 
magnitude V,, V (W/Q) [F3/(2 — Fs)]. The use of «Loewy’s 
wave plan simplifies the study of the various waves and their 
reflections in the case of a pipe having two or more sections, or 
having a gate of appreciable length. 

The assumption made in example 4 of an infinite length of 
gate, or an infinite length of pipe of reduced area with no friction 
losses and a smooth transition between the main pipe and the 
gate, cannot be considered as corresponding to true orifice condi- 
tions, but merely insures that no waves are reflected back from 
the lower end. The expression for pressures in the gate section 
may be determined as identical with that for the main pipe 
except for the delayed time factor, and the pressure does not 
diminish with distance from the main pipe. The use of a gate 
characteristic Q; = © (corresponding to the modulus of elasticity 
E; = 0) would also simulate orifice conditions, but this cannot be 
assumed for the whole gate section as it would reduce the expres- 
sion for P; to zero. Thus, it appears that the theory outlined 
in this paper, based upon frictionless flow, is inapplicable in a 
Practical sense to flow at orifices, and gives only the theoretical 
pressure rise for a uniformly decreasing cross-sectional area of 
the lower end of a smooth pipe, neglecting wave reflections at the 
lower end. . 

In all such problems of large pressure and velocity changes, 
the friction factor and factors due to such conditions as non- 
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uniform flow or eddies should not be neglected. Each of the 
hydraulic machines in such a network has its peculiar character- 
istics which must be accounted for, and to increase the accuracy 
of the solutions of these problems more detailed study must be 
given to the performance of these machines (e.g., valves of various 
types, turbines, pumps, and motors). For instance, in a rela- 
tively long pipe line where the friction-head loss at a certain 
regulated discharge is distributed along the pipe and where the 
discharge itself is perhaps regulated by some other device such 
as a turbine, it seems illogical to assume the velocity through 
the gate under steady conditions as varying with the root of the 
net effective head Ho, and that during the surges the velocity 
through the gate varies as the square root of (Hy + pressure rise 
at gate). Usually a fully open gate offers little resistance to the 
flow, whereas a partly closed gate exerts a resistance depending 
greatly on its design. 

The problem could be attacked by assuming that the whole 
system is made up of a series of hydraulic units interconnected 
by lengths of pipe line. Each unit has its characteristics which 
may be determined for the whole range of operating conditions 
(usually by test). Also, the elastic properties of the pipe lines 
permit the fairly accurate determination of pressure and velocity 
changes under varying conditions at their extremities. A corre- 
lation of these two—unit characteristics and pipe-line character- 
istics—based on the known causes of the surge, originating in one 
or more of the hydraulic units, should lead to a solution. An 
example will illustrate this. 


EXAMPLE 4a 


In this example, consider a uniform pipe line between two 
reservoirs with the gate at some intermediate point. The 
operational expressions for pressure and velocity in the upper 
and lower pipe lengths P;,V;, and P2, V2, respectively, may be writ- 
ten either neglecting or allowing for friction. The gate opening 
may be designated by G, which varies from 0 to 1, and may be 
based on any convenient unit, such as angular turn or area of 
opening. At each gate opening G an empirical law of discharge 
through the gate may be assumed, such as (P,’ — P2’) = ¢(G@)V3? 
where P,’ and P;’ are the actual pressures at the upper and lower 
faces of the gate, V; is the equivalent velocity of discharge in 
the main pipe, and ¢(G) is a function of the gate opening to take 
care of the characteristics of the particular gate. Knowing the 
law of closure of the gate G = f(t), a function of time, then 
= |Vs? = V3?, which is the condition imposed 
by the gateclosure. Here, P;’ = (P; + Po) and P2’ = (P2 + Po) 
assuming normal pressure at gate to be Po. Also, V; = V,, + 
V; = V,, + V2, where Vm = normal velocity in main pipe. Thus, 
we have a relation between P2, P;, and (V; or V2) at the gate. The 
other three necessary conditions for surge flow are P; = 0 at 
upper end, P; = 0 at lower end, and V; = V: atthe gate. These 
four conditions will give the arbitrary constants for the pipe 
equations. If the function ¥(¢) can be made simple, the opera- 
tional solution is also simplified. 


EXAMPLE 5 


In this example, consider a simple pipe line with instantaneous 
eee closure at the lower end, allowing for friction. The differ- 
ential equations are 
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where F = (2fW/D)(k;Vm), representing friction. From 
Equations [32] and [33] 
+ (Wp = 0 [34] 
or 


Equation [35] has the operational solution 
P =Acosh az + Bsinhaz............. [36] 


where a is the positive root ~/[Qp(Wp + F)]. 
The surge flow conditions are P = 0 at x = 0 (upper end) and 


V = —V,, at x = L (lowerend). These give 

Vn V((Wp + F)/Qp] 
B= coshaL [38] 


and the operational solutions become 
Wp + F sinhaz 


cosh ax 
™ cosh a L 


and 
V = —V. 


Only the pressure surges are studied here since the operators 
sinh az and cosh aL require much more manipulation than has 
been required in the foregoing examples and the detailed work 
will not be shown. However, it may be checked by reference 
to standard books and articles on operational calculus; in par- 
ticular, Bush’s “Operational Circuit Analysis,” pp. 216 et seq 
(1)* and Campbell and Foster’s list of operators (3). 
The final form for the initial pressure surge is 


P, = V,, —Fot E + (2 + $7:Fo)Fo(t — 
F,?2 
+ TiFo += rere) |. [41 


where F, = F/2W, and 7; is the time required for the wave to 
reach section = (L—s2)/a. The return surge from the intake P; 
is minus this expression for P; with T; = (L + z)/a substituted 
for 7; similarly, the second wave from the gate to the intake 
P; is the same as wave P, with 7; = (83L — x)/a substituted for 
T:, and so on. None of these waves is effective until ¢ = 7), 
etc. 

A study of the pressure surge at the gate will prove instructive. 
Here T; = 0; T: = Ts = 2L/a; T=T,= 4L/a; etc. The first 
pressure wave is P; = V,, V (W/Q) e—**, which is the maximum 
surge multiplied by the damping factor Fs. This holds until 
t = 2L/a. After that the pressure is augmented by the P; and 
P; surges, etc. 

In connection with the friction factor k, it is to be noted that 
the differential equations are solved for the imposed surges and 
not for the actual pressures and velocities along the pipe. It 
has been found that the imposed velocities for sudden gate 
closure, neglecting friction, fluctuate between —V,,, —2V,,, and 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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zero. Fig. 2 shows that with an imposed velocity V,; the actual 
friction in the pipe is given by CD so that the regained friction 
head is given by DE. Thus, for very small velocity surges we 
should have doubie the friction factor, i.e., ky = 2, since the fric- 
tion curve has twice the slope at the point A asthe line OA. For 
imposed velocities 0, —V,,, and —2V,,, the factor k, = 1 is evi- 
dently correct. 

Particular cases, in which the friction factor Fou = 0.4, 0.2, 
and 0.05 have been examined by the author, and the surge 
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pressure and velocities obtained are plotted in Figs. 8 and 9. 
Since the factor Fou is found to be a criterion of similarity of 
surge conditions, it seems logical to designate it by a special 
name, such as “friction modulus.”’ Referring to Fig. 9, it is 
evident that for velocities downstream friction allowance ac- 
cording to the linear law is deficient, and for the velocities up- 
stream this approximation for friction is excessive. A more 
accurate determination of the surge pressure may be obtained 
by a correlated study of the friction, pressure, and velocity 
charts shown in Figs. 2, 8, and 9, respectively. 


EXAMPLE 6 


In this example, consider the sudden closing of the gate in 
a simple pipe line which has a surge tank at its lower end; friction 
to be neglected. Let L = length of pipe of diameter D, and area 
A. Also, let the initial head in the surge tank be Ho above the 
center of the pipe, and the area of the tank = A; = SA;. Then 
the force-momentum condition imposed on the surge tank leads 
to the differential equation 


P, = + wV,— 
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and the condition for continuity of flow gives 


[43] 


where the subscript 2 denotes the surge-tank entrance to the 
main pipe line, the diameter of which entrance is assumed equal 
to the diameter of the pipe line. For the main pipe 


P, = Mcosh ar + N sinh az............ {44} 


and 
Vi = —V (Q/W) (M sinh ax + N cosh az)..... [45 ] 


where a = pV (QW). 

Now the conditions of surge are P; = P; at x = O (lower 
end of the pipe line) and P; = 0 at z = —L, (upper end of the 
pipe line). Imposed surge velocities V, — V2 = —V,, atx = 0. 
Unfortunately, the two terms on the right of the expression for 
P., Equation [42], are not linear. As an approximation it is 
possible to neglect the dH,/dt term and replace wH,(dV2/dt) 
with w(k,Ho) (dV,/dt). Certain solutions offered by earlier theories 
assume k, = 1. In any particular example, it may be possible 
to adjust this coefficient after a first approximation has been ob- 
tained. 

The surge-tank operational equation reduces to 
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P, = wH, + wk,Ho(dV./dt) = [(w/Sp) + wk,Hop|V2 . . [46] 


Using the surge flow conditions and solving for M, N, and V2, 


there results the operational solution for the pressure at the gate 
or base of the tank 


Vn V (W/Q) sinh aly 


= [47] 


Ww p sinh aL, 
sh L 
— Vo w[k,Hop? + (1/S)| 


It should be noted that it is the right-hand expression in the 
denominator of Equation [47] which distinguishes example 6 
from example 1 (the simple pipe line without a surge tank). 
This last expression will expand into a series of reflected waves 
and the general analyses can thus be secured. 
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Mechanical Processing of Vegetable Oils 


By W. WADE MOSS, JR.,! NEW YORK, N. Y. 


The author discusses the function of unit-operation 
engineering as applied to the mechanical processing of 
vegetable oil, and although he does not attempt to make 
a comprehensive study of oil processing, he shows the 
importance of certain basic factors required for the effi- 
cient refining of edible oils. He elaborates on recent work 
at the University of Tennessee on the use of pressure cook- 
ing at higher temperatures than normally used, and com- 
pares the advantages and disadvantages of varying cooking 
pressure, temperature, and time. 

The paper includes a discussion of different means of 
processing oils by hydraulic expeller expression and ex- 
traction by solvent methods. A detailed description is 
given of a hydraulic press of the newer pot type which 
combines filter action, press action, and automatic ejec- 
tion. 

The author points out that the moisture in the press 
cake varies according to the nature of the oil, and that by 
maintaining the proper percentage of moisture the cakes 
can be prevented from pasting, thereby permitting easy 
removal from the press cloths. He gives data relative to 
bleaching admixtures of char and fuller’s earth and makes 
recommendations as to the proper bleaching compounds to 
use in order to obtain the best result when processing the 
oils. 

The author also discusses the advantage and disadvan- 
tages of impeller and piston-type vacuum pumps, and 
thermocompressors, and recommends the use of thermo- 
compressors which are able to maintain a vacuum of 29.5 
in. Hg in the vapor kettles while deodorizing the oils. 


art and much of the technique employed during past genera- 
tions is still used today. With the increased consumption 
of vegetable oils, especially the wider scope of the refined vege- 
table oils, has come a demand for higher quality and cheaper 
methods of processing; consequently, many outmoded unit 
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Te MECHANICAL processing of vegetable oils is an old 


operations have been replaced by highly efficient improvements. 
Where once the vegetable-oil processing industry functioned 
as an art, it is now fast becoming a highly organized, systematic 
science. Much of the skill now exercised in the vegetable-oil 
processing field is the result of borrowed unit operations from 
other fields such as the chemical and food industries. 

This paper purports to set forth some of these borrowed unit 
operations and to indicate in what manner these advances have 
benefited the oil-processing industry. It hopes to illustrate the 
futility of competition by those who cling to ancient methods 
of vegetable-oil processing. The author intends primarily to 
present improved unit operations as individual units without 
consideration of their respective interrelation in a composite 
flow sheet. The chemical or the mechanical engineer, it is hoped, 
will find one or more of these unit operations which he may 
adapt, in part or in toto, to his particular process. 

The introduction of unit-operation engineering into the proc- 
essing of vegetable oils came gradually. Extensive research 
in the field of chemical engineering and its classification into 
highly specialized unit operations such as, for example, distilla- 
tion, adsorption and extraction, and filtration created new prin- 
ciples and new technique. The greatest evidence of the in- 
fluence of improved chemical engineering in the vegetable-oil 
processing is demonstrated in distillation or, as it is called in oil- 
processing parlance, deodorization operation. Noteworthy 
economies have been effected in the deodorization technique 
by the introduction of high-velocity vapor vacuum systems 
utilizing thermocompressors which were considered com- 
mercially impractical by the vegetable-oil men until they were 
proved feasible in the petroleum-refining industry. From the 
sugar industry came the improvement in the use of bleaching 
compounds. 

Mention is made briefly of those unit operations which have 
undergone little change, or which, in the light of present knowl- 
edge, appear to be efficient in operation with a minimum of cost. 
It is suggested that a concerted study, beyond the scope of this 
paper may assist the vegetable-oil-processing engineer to obtain 
greater uniformity of product, standardization of production, 
lower processing costs, and greater efficiency. 


PRETREATMENT OF THE SEED 


Rolling. The final quality of the processed vegetable oil 
depends to a large extent upon the preliminary treatment given 
the seeds prior to their expression or solvent extraction. Two 
factors must be observed. First, a maximum quality of oil of 
the best attainable grade must be recovered, and, second, the 
meal must not be so badly injured that it becomes unsalable. 
The methods employed in the first of the preliminary treatments 
of the seeds is more or less universal; the seeds are rolled in a 
specially designed apparatus which mash them into a flake in 
order to rupture the oil-bearing cells, breaking the enclosing 
membrane to allow the oil to flow forth unimpeded. Unless 
some means is used to prevent it, the subsequent yield of oil 
is low, regardless of other treatments. In terms of standard 
flow sheets, as a unit operation, rolling is more satisfactory 
than any other method, such as grinding, milling, or macerating. 
For any given rolling machine, the number of rolls, size of rolls, 
and space allowed between rolls for pressing the seeds into flakes 
of a desired thickness are matters of specification. For example, 


a machine can be purchased which consists of five 42 X 14 in. 
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steel rolls set so as to reduce the seeds to flakes of approximately 
0.007 in. thick. 

Cooking. After the seeds are rolled into flakes, the treatment 
to rupture the cell walls is continued by cooking the flakes. 
Care must be exercised in this treatment, because too low a 
cooking temperature will not release the oil, while too great a 
temperature will result in an off quality of oil and injure the 
meal residue after expression. The cooking temperatures are 
functions of the time; a cooking temperature of approximately 
230 F requires between 1 and 1.75 hr. While it is possible to 
shorten the time of cooking by substantially raising the tem- 
perature, the injury done to the nitrogen factor in the meal 
does not justify the time saved. During the cooking careful 
control of the moisture content of the seeds should be main- 
tained. The importance of the proper percentage of moisture 
in the seed mass during expression is important to the quality 
of the oil and to the wear and tear upon the press cloths. 

The cooking is usually done in open steam-heated tanks and 
agitation is necessary. In practice, this cooking is usually done 
at atmospheric pressure; however, the recent work carried on 
at the University of Tennessee’ using pressure cooking has great 
possibilities. In this case a large number of experimental 
cookings were made at varying times and varying temperatures. 
The yields of oil have been reported as considerably higher and 
the quality of the oil equal, at least, to the best oil obtained 
when using atmospheric cookers. During these cookings it 
was possible to control the moisture within a close range by 
moisture-control equipment consisting of an auxiliary tank so 
constructed that either moisture could be added to or removed 
from the meats at will. The apparatus receives its supply of 
steam from a steam generator designed to admit either steam or 
cold water, thereby giving a reversible action. When it was 
necessary to remove some moisture from the meats, cold water 
was blown in and evaporated off into the measuring tank. Thus, 
the meats gave up this excess moisture, retaining within narrow 
limits the requisite quantity; no other known treatment gives 
such unusual quantitative control. When adding moisture, 
steam is blown in at a rate which permits the moistening of the 
meats to approximately 3 per cent plus or minus, according to 
the nature of the oil to be extracted. The method as a whole 
demonstrates a decided advance over any now in use. 

The actual cooking tank as employed in the work at the engi- 
neering experiment station of the University of Tennessee* com- 
bined a mixer and an agitator in a steam-jacketed horizontal 
steam-tight tank. Access to the tank was gained through a 
valve-like door. The operating temperatures employed were 
270 F under a pressure of 25 lb per sq in. with a cooking time of 
15 min. 


EXTRACTION 


Expression. The extraction of the oil from the treated seeds 
may be carried on by three methods; namely, expression by 
an Anderson expeller, by pressing in an hydraulic press, or by 
solvent extraction. In the case of solvent extraction, when 
used merely as a means of protecting proteins in the meal, a 
combination of pressing and subsequent solvent extraction is 
best. In this way, larger percentages of oil come out as good 
press oil, which is better for many purposes than solvent-ex- 
tracted oil. 

In Europe, the Anderson expeller is much more widely em- 
ployed, while in the United States, the hydraulic method is 
favored. German edible oils are produced by the solvent-ex- 
traction system. On the contrary, in America pressure-ex- 
tracted oil is given preference and solvent extraction is mainly 


2 “Cotton Seed Oil Pressing Costs Cut,’’ by C. A. Perkins and 
R. B. Taylor, Food Industries, vol. 9, August, 1937, p. 435. 
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used in cases in which it is desired to preserve the proteins in 
the meal for other than food purposes. In the preparation of 
meal for plastics, solvent extraction is essential in order to remove 
the 9 to 10 per cent of residue oil remaining in the press cake after 
ordinary pressing. 

Many types of hydraulic-pressure equipment are available, 
the design of the presses varying only in minor details according 
to the manufacturer. This makes possible a standard technique 
throughout the industry for the preliminary treatment of the 
seeds, since such treatment can be followed without regard to 
the type of press that is to be employed. 

The new Carver vertical hydraulic press which exerts a pres- 
sure of 5000 lb per sq in., offers certain advantages in simplicity 
of operation and performs a combination of functions in one 
cycle. As an example, a Carver five-pot press can handle 50 
Ib of meal per pot or 250 Ib of meal per cycle; at 3 cycles per hr, 
the hourly production becomes 750 Ib. In one day of 10 hr, 
two such presses can handle one half a car of peanuts, for ex- 
ample. The operation of this type of press is so simple that 
one man can handle two presses; the oil is pressed out through 
cylindrical filter plates in the pots, and the meal is ejected 
from the pot. Then the next cycle follows. 

An even greater improvement is the horizontal hydraulic 
filter press which is designed to exert pressures of from 1000 
to 5000 Ib per sq in. The material is pumped into the press 
through a feed manifold. Then, operating in cycles, the pressing 
begins, the oil is filtered, and as the filtrate runs off it is caught 
by a deflector. The cakes, which are now ready to be dis- 
charged, drop out of position and are picked up by a conveyor 
and removed. The press is returned to position and is ready for 
the next cycle. In operation the cycles respond to valve control 
thus minimizing labor and handling of materials. 

Solvent Extraction. Modern solvent extraction involves many 
secret trade processes. In studying the methods used, only the 
barest basic principles are general in adoption. Such solvents 
as hexane and alcohol, and the hydrocarbons are used, although 
preference is given the hexane-alcohol treatment. In the extrac- 
tion, many patented types of apparatus are employed and many 
variations of basic adsorption, extraction, and reflux technique 
are used. Those manufacturers in the United States who use 
solvent extraction are doing so, for the greater part, with a defi- 
nite purpose in mind; for instance, the Ford system for the 
extraction of soy-beans extracts the defatted soy-meal in an 
especially designed apparatus (Edison Institute) in order to 
obtain proteins from the meal. 

In the case of expression technique, the cooking resorted to 
and discussed here involves temperatures which destroy the 
heat-sensitive proteins of the vegetable seeds or of the nuts. 
Solvent extraction alone enables the use of an extraction tem- 
perature which prevents any injury to the proteins. 

The color of the oil resulting from the extraction is slightly 
different from that obtained by expression. Much preference 
is given pressed oil for use as an edible oil. Solvent extraction 
is recommended only in cases where the meal is to be preserved. 


LECITHIN 


During recent years, processors of vegetable oils have realized 
the value of recovering the phospholipides from vegetable oils. 
Solvent extraction is thus far the only satisfactory means of 
recovering these compounds. However, contrary to popular 
belief, it is found that a large quantity of the phospholipides come 
over with expressed oil, since it is extremely difficult to isolate 
them from expressed oils. 

During the days when solvent extraction was first becoming 
accepted in the industry, it was noticed that a long period of 
settling was necessary in order to remove a gummy, mucilagi- 
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nous substance from the solvent-extracted oil. Thus, the oil was 
allowed to settle for days until it became clear. Today this 
gummy mass is by far the largest source of commercial phospho- 
lipides which are called “lecithin.” 

Commercial lecithin is now extracted from the solvent-re- 
covered oil by centrifuging. The compound is an admixture 
of oils, free fatty acids, a protein group (amido), and combined 
phosphorus. The article as known in commerce is not pure 
lecithin, but contains a large percentage of carbohydrates (up 
to 10 per cent). These substances have properties of the fatty 
oils and many of the proteins. 

After the lecithin is isolated, it is dried in vacua whereupon, 
it becomes a sticky, gummy, and reddish brown mass. As such 
it is used in the rubber and leather industry, and in foods as an 
antioxidant. Only about 2 per cent exists in the vegetable seed, 
of which about 20 to 30 per cent is recoverable. 

The foregoing is mentioned as an explanation of the value of 
solvent extraction. Except for this purpose, the preference 
for expression technique is extant in the United States. 


NEUTRALIZING 


Neutralizing vegetable-oil fatty acids is essentially a simple 
operation fraught with many difficulties unless skillfully ma- 
nipulated. The character of the oil under treatment governs to 
a large extent the details of the process. Assuming that the 
processor has fitted the reaction conditions to the characteristics 
of the oil, the following suggestions can be successfully used: 
The treatment of the oil with soda causes a “break’’ in the oil, 
and free fatty acids as flocculent particles of soap gather together 
with water and fall to the bottom of the tank as foots; a suffi- 
cient quantity of soda is used to cause the formation of the soap 
with the total of the free fatty acids and an excess to serve as a 
deflocculent and cause greater and more rapid precipitation of 
the soap flakes. Frequently, the oil contains extracted carbo- 
hydrates from the meal. The presence of excess soda causes 
the solution of these sugars, especially the pentose sugars. 
These sugars tend to form gummy products with the precipitated 
soap, and fall to the bottom of the tank. Careful regulation of 
this operation often results in a good cleaning of the oil. 

The time, the temperature, and the degree of agitation of the 
oil during neutralizing are specific for a given oil. 

After the saponification has been completed, the oil and the 
soap are run into a large settling tank and the soap is settled out 
of the oil; however, it may also be salted out. The formation 
of emulsions can be avoided during neutralization by sufficiently 
strengthening the soda solution. When emulsions form, a loss 
of neutral oil occurs which assists in making the emulsion as 
well as increasing the time of settling out of the foots. Ex- 
perience alone can provide the conditions at which the con- 
sistency of the soap stock is such that a uniform settling time 
results together with the maximum degree of neutralization and 
minimum loss of neutral oil. 


BLEACHING 


The use of bleaching carbon greatly facilitates the purification 
of the oil. The removal of colors and other absorbed impurities 
is accomplished by the use of activated carbon; although best 
results can be obtained by the addition of a bleaching earth. 
The use of two-component mixtures reduces the quantity of 
purifying agent required. Fuller’s earth has long been recog- 
nized as the standard absorbent in the vegetable-oil industry. 
However, it does not have the adsorptive properties attributed 
to activated charcoal, but because of its cheapness it has been 
used by the industry in previous years as the sole bleaching agent. 
The introduction of activated carbon failed to supersede entirely 


the bleaching earths not only because of the comparatively high . 
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price of activated charcoal, but also because these earths are 
fairly satisfactory in removing the yellows from the vegetable 
oils even though they do not remove the red shades. Compared 
with activated carbon, a higher percentage of earths than of 
activated charcoal is required to effect the same degree of bleach- 
ing. 

Many factors enter into the bleaching of oils with earths or 
chars or combinations of both. Mechanical mixing and subse- 
quent extraction is not sufficient. Consideration must be given 
to the type of bleaching agent which satisfies the nature of the 
oil being bleached. Oils differ greatly as to physical properties. 
The colloidal constituents and other impurities vary between 
wide limits. The treatment of the bleach compounds themselves 
deserves consideration because during purification many of 
their physical properties are changed materially. This change 
together with the wide variance in characteristics of the vege- 
table oils presents a problem that requires a long series of tests to 
determine the proper bleach for a given oil. 

In the decolorization of these oils, in which there is suspended 
colloidal matter such as proteins, the rate of decolorization as 
well as the efficiency of the decolorizing carbon or earth will 
vary with the pH. Amphoteric substances such as protein 
are adsorbed at or near their isoelectric point, at which point 
these substances show neither acidic nor basic properties. 

Fuller’s earth functions as a bleach more or less in ratio to 
its moisture content; however, its efficiency varies according to 
its powers of colloidal dispersion. The less the percentage of 
moisture, the greater the bleaching power. Electrokinetics 
enters into the selection of the proper bleach compound; as- 
suming that the earths follow the laws of colloid adsorption, it 
will be found that the definite effect of one specified oil upon the 
bleach also follows the potential existing around the particles of 
bleach mix. Considering that fuller’s earth, for instance, carries 
an electronegative charge, it would be useless with a colloidal 
impurity in the oil when such impurity bears an electronegative 
charge. Since some of the coloring matter in the oils existing 
as finely divided matter is electropositively charged, the fuller’s 
earth, we assume, will adsorb the color. It is known that chars 
will carry different charges in the same body and therefore will 
adsorb some of both the electronegative and the electropositive 
colloids. This explains, to a degree the greater efficiency of the 
activated char when used alone with vegetable oils. Over a 
period of several years, the author tested the use of char alone 
with coconut oil and, from the final deductions which indicated 
that the use of char alone was satisfactory, it became standard 
practice in a large coconut-oil processing plant. However, 
with peanut oil, it was found that char did not give maximum 
efficiency. In this case, a larger quantity of char was needed 
and tests revealed that a color selectivity resulted. With the 
use of an admixture of 90 per cent fuller’s earth and 10 per cent 
char, on the basis of 1-2 per cent of the foregoing mixture per 
charge of oil, the decolorization reached its maximum efficiency. 

Many processors during the past ten years have used plaster 
or other agents to adsorb water from the oil to prevent dilution 
of the fuller’s earth with excess moisture. Such agents lessen 
the activity of the earths or other bleach compounds, and aid 
in attaining the proper mix of bleach compounds suited to a 
particular oil, thereby reducing the amount of bleach compound 
required. Inasmuch as the refining loss is greatest because of 
adsorption of oil during the bleaching, it is essential that a com- 
pound be found that will reduce this loss to a minimum. Only 
by experiment is it possible to develop a bleach for a specific 
oil which gives maximum adsorption with minimum refining loss. 

It has been found that oils can be bleached effectively under 
vacuum conditions, since, under such conditions, the adsorbing 
ability of the earth is increased and makes it possible to remove 
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moisture. well below the point of too great desiccation. The 
relative adsorptive value of an earth reaches its maximum at a 
point between complete desiccation and partial desiccation; 
too great desiccation inactivates an earth. The only argument 
in favor of the use of vacuum in bleaching oils is the fact that 
it lowers the refining loss by requiring a lesser amount of bleach 
compound for a given amount of work. 

No one can set forth a rigid infallible schedule for the proc- 
essing of any one oil, stating the proper type of bleach and 
processing condition (that is, vacuum or atmospheric) which 
should be used; the engineer must resort to tests for solving 
each case individually, taking into consideration the general 
principles involved as discussed previously. The engineer is 
also cautioned to provide means of preventing the development 
of an earth-like flavor in the oil as a result of using the bleach 
compound. 

The use of filter aids in the filtration of the bleached oil is a 
matter of opinion, but they cannot be selected at random since 
the times and type of filtration to be used are involved. The 
quantity of filter aid to be used, if any, depends upon the per- 
centage composition of bleach compound or bleach substance. 
When the chars are used alone, as in coconut oil, very little if 
any filter aid is required, although many processors even in this 
case prefer to use a filter aid. Then again there is always re- 
fining loss to consider. A filter cake may be considered as a 
series of large capillary tubes through which the oil passes in a 
straight line. Each of these capillary tubes presents electro- 
kinetic phenomena which govern the speed of delivery of the oil 
and the relative retention of the filtering oil. Here again, comes 
the problem of selecting the proper technique suited only to the 
oil being processed. It is necessary that attention be given to 
both the type of filter aid and the technique of application. 
One very good method is to spread the filter aid over the surface 
of the cloths and thus form a filtration medium to serve as a 
foundation membrane. The remainder of the filter aid is ad- 
mixed with the buik of the oil. 

The general technique employed in the bleaching is com- 
paratively simple after the bleaching and filter media have been 
selected correctly. The oil in the bleach tank is heated with 
steam in steam coils and raised to the bleaching temperature of 
about 230 F when used at atmospheric pressure. When a vac- 
uum is used, the corresponding temperature will vary with the 
inches of vacuum; the higher the vacuum, the more rapid and 
more complete will be the removal of water vapor, and the lower 
will be the temperature. This vacuum can be readily achieved 
by the thermocompressor type of vacuum equipment which is 
discussed later in this paper. 

During a period of 20 to 30 min., agitation is applied to the 
mass and thorough mixing is obtained. When a test sample 
shows that there is no more bleaching action, the mixture is 
pressed out in a filter press of the plate-and-frame type; during 
the pressing steam and air should be blown through the press 
to remove as much oil as possible and to dry and harden the cake. 
The oil should be kept away from air as much as possible, be- 
cause it tends to darken the oil, this being especially true for 
some oils more so than others; however, all vegetable oils tend 
to darken with prolonged exposure to heat and air. Should the 
oil on first filtration appear cloudy, it is advisable to repress. 


DEODORIZING 


Greater efficiency and low operating cost in deodorizing vege- 
table oil are possible by the use of the proper: high-vacuum 
equipment, but in selecting, operating, and maintaining such 
equipment, it is necessary to understand those principles 
which under given circumstances have produced maximum 
results. Itis possible to use either the piston-type, rotary-type, 


or the mercury-vapor-type vacuum pump, or to use the high- 
velocity vapor system of evacuation. These established means 
of obtaining high vacua are not synonymous and cannot be used 
interchangeably and still obtain production of comparable 
efficiency. 

The deodorizing of vegetable oil is a separate distillation 
operation in which the highly volatile substances are admixed 
with the water vapor which forms a binary azeotropic mixture 
of a heterogeneous nature in a two-component-phase system. 

In considering the relative efficacy of scrubbing or distillating 
steam, such factors as specific volume of the steam in the ratio to 
pressure, the velocity of the steam, and the temperature must be 
considered as functions of the weight of steam. In other words 
it is not the weight of the steam or the specific pressure of the 
steam that effects distillation in a given period but it is rather 
the specific volume as a function of steam velocity at any given 
moment that does the effective work. This simply means, for 
instance, that inasmuch as 1 lb of steam occupies a definite 
volume, with the introduction of variables such as temperature 
and pressure, the working condition of the steam is changed. In 
a low vacuum of say 25 in., the efficiency of the steam expansion 
by deodorization would be very low. Hence, the amount of 
steam necessary to volatilize a unit area of oil in the deodorization 
tank would be very large, and considerable steam would have 
to be passed through the tank. On the other hand, as the 
vacuum becomes greater, the amount of steam necessary to 
effect the deodorization becomes increasingly less and varies 
as the degree of vacuum. In other words, the steam under a 
very low vacuum must of necessity be added until the expansion 
of that given amount of steam in the deodorizer is equal to the 
ratio between the volume of steam introduced and the oil in 
the tank. The curve is not a constant function when the scrub- 
bing steam is introduced at vacua over 29.5 in. Hg. 

In order to illustrate the functional relationship between 
steam velocity and degrees of vacuum, let us consider a relative 
comparison between vacua 25.8 in. and 29.5 in. Hg, considering 
that 1 lb of steam occupies 26.79 cu ft at atmospheric pressure. 
In tracing the efficiency, we see that at 20.5 in. Hg the steam 
volume becomes 469.3 cu ft while at 25.5 in. the same weight 
of steam occupies a volume of approximately 3000 cu ft. Con- 
sidering that water boils at 32 F at a vacuum of between 29.7 
and 29.8 in. Hg, based on a 30-in. barometer, it is obvious that 
by maintaining a vacuum of 29.5 in., the ideal conditions for 
water vapor are almost reached. In the jump between steam 
at atmospheric pressure to steam at a vacuum of 28.5 in. Hg, 
the volume of steam increases 17 times. In other words the 
relative efficiency has already been increased by the expansion 
from 26.79 cu ft at atmospheric pressure to 469.3 cu ft at a 
vacuum of 25 in. Hg. Therefore, it would seem that while 
the ideal vacuum appears to be between 29.7 and 29.8 in. Hg, it 
is found that the efficiency curve varies abruptly during the last 
11/, in. of vacuum. Therefore, it is more expensive to attain 
the ideal vacuum, as we shall see in the following study of a 
commercial application of high vacuum. It is more practical to 
merely approximate the ideal vacuum by maintaining it at 29.5 
in. Hg. This statement is made in consideration of mechani- 
cal efficiency possible with the vacuum-producing apparatus. 

Therefore, considering that the range of high evacuation de- 
pends primarily on the tremendous increase of vapor at high 
vacuum, it is natural to contend that an apparatus should be 
used that is capable of gathering and dispersing high-velocity 
vapors. Or, to state the mechanics of high evacuation in § 
simplified form, let us say that density of any gas or vapor de- 
creases in a definite rate with higher vacuum. The gas must flow 
at high velocity in any system of steam or other vapor in order to 
produce a high vacuum. It is essential to consider that gas with 
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a low density can obtain high vacuum because it can flow with 
less friction than a gas with a higher density. Now, considering 
the fact that the volume of steam increases as the vacuum in- 
creases, the cost of deodorization, it is found, varies accordingly. 

Greater efficiency in the deodorization of vegetable oil has 
been made possible by the extension of high-vacuum thermo- 
compressors known as steam-jet or steam-evacuator boosters. 
Low-vacuum redistillation provides an expensive method, while 
high-vacuum distillation by the use of steam jet and thermo- 
compressors achieves deodorization of oil at a lower cost than 
formerly. 

Steam jets are the logical means of obtaining high vacuum 
in commercial processes when there is an enormous amount of 
vapor to be handled. For this purpose of maintaining very 
high vacua and handling these large quantities of vapor, the 
thermocompressors and steam jets are more efficient than rotary 
or piston vacuum pumps. They are however, limited in maxi- 
mum efficiency to a vacuum of approximately 29.5 in. Hg, in 
commercial application. 

The mechanical function of these thermocompressors depends on 
the ratio between the velocity of incoming steam and the velocity 
of the vapor which leaves the deodorization kettle; that is, the 
flow of gas of low density tends to create high vacua which are 
necessary where a large quantity of steam must be handled. 

The alternate cycle of expansion and extraction of high- 
velocity steam and the compression of the vapor requires no 
moving parts. The entire process depends upon the speed or 
velocity at which the steam enters the venturi throat of the 
steam-jet evacuator. Natural variations of the steam velocity, 
caused by variations of initial pressure, influence the degree of 
vacuum obtained inasmuch as the vacuum is dependent on the 


cyclic relationship of times per unit time that the vapor is 
withdrawn or sucked from the vacuum kettle and compressed. 
This is a function to the amount of steam at a given velocity 


that passes into the venturi throat in unit time. In the case 
of a vacuum pump of piston or rotary type, it is easy to see that 
mechanical limitations of the moving parts tend to make im- 
practical the use of mechanical pumps for attaining a vacuum 
as high as 29.5 in. Hg. It is practically impossible to manu- 
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facture mechanical pumps that synchronize their movements 
with the high velocity of the liberated vapor; in other words, 
the enormous amounts of vapor leaving the vacuum kettle 
at such extremely high velocity would necessarily make difficult 
the practical production of machine parts to move at such 
a rate of speed. Also the cost of providing sufficient energy to 
move mechanical parts of piston or rotary vacuum pumps 
is too great. 

The theory of high evacuation, based on the tremendous 
volume increase of vapor at high vacua, is illustrated by the 
following example of an actual installation in a small plant 
equipped with a single-stage thermocompressor with a 10-in. 
suction and an 8-in. discharge capable of maintaining a vacuum 
of 29.5 in. Hg. This plant deodorizes a 1000-gal batch of coco- 
nut oil in 3 hr, utilizing 300 lb of scrubbing steam per hr in- 
jected into the bottom of the deodorizer, and 110 lb of steam 
per hr for the steam jet used to maintain the vacuum; this makes 
a total of 410 lb of steam per hr for the unit, or 1230 lb of steam 
in the 3-hr for the 1000-gal batch of oil. A barometric surface 
condenser is used for condensing the steam from the thermo- 
compressor; any air which leaks into the unit is removed from 
the condenser by a second steam jet the steam from which is 
usually condensed in the condenser circulating water after it 
leaves the condenser. 

Many decided advantages are obtained by using multistage 
thermocompressors, because there are certain applications in 
which the operation proceeds under circumstances where the 
vapors are conducted ahead of the vacuum apparatus and must 
be removed. These multistage thermocompressors are essen- 
tially an expanded type of single-stage unit. In a three-stage 
unit, for example, the thermocompressor, as the first steam jet 
is called, is mounted on the vacuum kettle and pulls the vapors 
from the kettle and exhausts them into the first of the baro- 
metric condensers. A second steam jet mounted on the first 
condenser exhausts into a second condenser, and a third steam 
jet mounted on the second condenser exhaust into the third 
condenser. A fourth steam jet exhausts air from the unit, thus 
enabling it to maintain the vacuum; the steam from this con- 
denser exhausts into condenser circulating water. 
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| Running-In Characteristics of Some White- 


Metal Journal Bearings 


By S. A. McKEE? ano T. R. McKEE,*? WASHINGTON, D. C. 


This paper describes an extension of the investigation of 
the running-in characteristics of journal bearings which 
was a part of the program of research on lubrication con- 
ducted at the National Bureau of Standards in cooperation 
with the Special Research Committee on Lubrication of 
The American Society of Mechanical Engineers. The re- 
sults of tests on three kinds of white-metal bearings are 
given. 

A four-bearing friction machine was used to determine 
the effect of progressive amounts of running in, upon the 
frictional characteristics of the bearings. The results are 
compared with those of previous investigations and all are 
in agreement in providing an indication that the major 
effect of running in is to reduce the friction losses at low 
values of Z.V/P and to increase the permissible operating 
range. The results also give a comparison of the frictional 
and running-in characteristics of the various metals. 


ARLY IN the program of research on journal-bearing 
lubrication conducted at the National Bureau of Standards 
in cooperation with the Special Research Committee on 

Lubrication of The American Society of Mechanical Engineers, 
a study was made of the running-in characteristics of one kind of 
white-metal journal bearings. The results of these tests were 
given in a paper (1)* presented at the A.S.M.E. Annual Meeting 
in 1927. As the work progressed the study of running in was ex- 
tended to include tests on bearings lined with three other kinds 
of white-metal alloys. The results of these tests are reported 
in this paper. 


METHOD AND APPARATUS 


The method and apparatus employed were the same as those 
used in the previous tests and are described in detail in the 
original report. The method involves the determination of the 


' Publication approved by the Director of the National Bureau of 
Standards, Department of Commerce. 

* Mechanical Engineer, Friction and Lubrication Section, national 
Bureau of Standards. Mr. S. A. McKee, for six years prior to the 
organization of the section, was a member of the Automotive Power 
Plants Section of the Bureau. Mr. McKee is a graduate of Rhode 
Island State College. c 

* Research Associate, National Bureau of Standards. Since 1927, 
Mr. T. R. McKee has been employed on various research prob- 
lems for The American Society of Mechanical Engineers, the 
American Electric Railway Engineering Association, the Society 
of Automotive Engineers, and the National Research Coun- 
cil. 

‘Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Presentation at the Annual Meeting of THe AMERICAN SOCIETY OF 
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frictional characteristics of a given set of bearings for different 
degrees of running in. The usual graphical representation of the 
frictional characteristics (2) is obtained by plotting the coeffi- 
cient of friction f against the generalized operating variable ZN /P 
where Z is the absolute viscosity of the lubricant in centipoises, 
N the speed of the journal in rpm, and P the pressure on the pro- 
jected area of the bearing in lb persq in. The effect of running in 
upon a given set of bearings is indicated graphically by the 
changes in the f versus ZN/P curve caused by various amounts 
of running in. 


Fie. 1 


Four-BEARING Friction MACHINE, ESSENTIAL ParRTs 


The friction data were obtained on the four-bearing friction 
machine shown in Fig. 1. The four test bearings operate on a 
steel shaft mounted in alathe. The bearings are held in place by a 
frame provided with helical springs for applying the load. The 
frictional torque is determined by measuring the moment neces- 
sary to prevent the frame from rotating with the shaft. Oil is 
fed under a pressure of about 1.5 lb per sq in. from a glass reser- 
voir through rubber tubing to the unloaded side of each bearing. 
Temperature rise is minimized by circulating water at room tem- 
perature through the hollow test shaft. The operating tempera- 
ture is measured by the use of copper-constantan thermocouples 
which are mounted close to the working surfaces on two of the 
bearings. 


JOURNAL, BEARINGS, AND LUBRICANT 


The shaft used in these tests was made of a high-carbon, 
tungsten, tool steel heat-treated to a Brinell number of 179 and 
then ground and lapped. It was well-run-in as a result of use in 
previous running-in tests on similar bearings. The average diame- 
ter at the journals was 1.2504 in. 

All three sets of bearings were made up of solid bronze sleeves 
with a lining of bearing metal about '/\ in. thick. They were 
faced off square to provide a bearing length of 1.250 in. and 
machined to size by the manufacturer. 

The first set tested (bearing set 1) was lined with a high-lead 
babbitt. The reported mechanical properties (4, 5) of a similar 
alloy at 20 C were: Brinell number 22, impact strength (Izod 
test) 0.5 ft-lb, and stress to produce 0.3 per cent deformation in 
compression 5000 Ib per sq in. The bronze sleeves were tinned in 
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a bath of pure tin at 620 F. The babbitt was cast by gravity at 
900 F. The average of analyses of three samples+taken after 
casting was 0.15 per cent copper, 3.28 per cent tin, 82.52 per cent 
lead, and 14.05 per cent antimony. The average diameter of the 
four bearings was 1.2514 in., making an average running clear- 
ance of 0.0010 in. and a clearance-diameter (C/D) ratio of about 
0.0008. 

The bearings in set 2 were lined with a high-tin babbitt. The 
reported mechanical properties of a similar alloy at 20 C were: 
Brinell number 19, impact strength 2.5 ft-lb, and stress to 
produce 0.3 per cent deformation in compression 6300 lb per sq 
in. The bronze sleeves were tinned in a bath of pure tin at 620 F. 
The babbitt was centrifugally cast at a temperature of 940 F 
and a speed of 1150 rpm. The average of analyses of two samples 
taken after casting was 4.50 per cent copper, 90.33 per cent tin, 
0.40 per cent lead, and 4.77 per cent antimony. The average 
diameter of the set was 1.2515 in., making an average clearance 
of 0.0011 in. and a C/D ratio of about 0.0009. 

The bearings of set 3 were lined with lead hardened with 
calcium and barium. The reported mechanical properties of a 
similar alloy at 20 C were: Brinell number 26, impact strength 
1.3 ft-lb, and stress to produce 0.3 per cent deformation 7600 
lb per sq in. These were centrifugally cast at 920 F and a speed 
of 1150 rpm. Pure tin at 640 F was used as a bonding material. 
Analyses of samples of this alloy after casting were not obtained. 
The nominal composition, however, was 97.5 per cent lead, 1.75 
per cent barium, and 0.75 per cent calcium. The average diame- 
ter of the four bearings was 1.2516 in. making an average 
clearance of 0.0012 in. and a C/D ratio of about 0.0010. 

The lubricant used in all the tests was a mineral spindle oil 
having absolute viscosities of 54 centipoises at 20 C, 42 centi- 
poises at 25 C, and 33 centipoises at 30 C. 


Test RESULTS 


The friction data obtained with the three sets of bearings at the 
various operating conditions are given in Tables 1, 2, and 3. 
Each test run, for a given set of bearings at a given degree of 
running in, was made in the decreasing order of ZN /P, using a 
constant load and changing the value of ZN/P by reducing the 
speed. These data are shown graphically by the f versus ZN /P 
curves in Figs. 2, 3, and 4. 

(a) General Effects of Running In. The curves in Figs. 2, 3, 
and 4 are in substantial agreement with the findings in the 
previous investigation. They indicate that the major effect of 
running in upon the frictional characteristics of a journal bear- 
ing is to decrease the value of ZN/P at the point of minimum f 
as the amount of running in is increased. This characteristic is 
of significance from the standpoint of operation in that it tends 
to increase the factor of safety (1). There was an indication also 
that running in caused a slight increase in the slope of the f 
versus ZN /P curve at values of ZN/P just above the point of 
minimum f. 

(6) Differences in Running-In Characteristics. A comparison 
of the running-in characteristics of the three sets of bearings is 
given in Fig. 5, where the frictional work done in running in is 
plotted against the values of ZN/P at minimum f. Included in 
this figure are the data obtained in the previous running-in tests, 
curve A representing high-tin babbitt bearings (C/D ratio 0.0022) 
and B high-tin babbitt bearings (C/D ratio 0.00045), and also 
data from another investigation (6) curve C representing leaded- 
bronze bearings (C/D ratio 0.0012). 

From this figure it is seen that the bearings tend to fall into two 
groups, one, consisting of the leaded-bronze and hardened-lead 
bearings, being relatively hard to run in, and the other, consist- 
ing of the high-lead and high-tin babbitt bearings being relatively 
easy torun in. The figure indicates also that the points of mini- 
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TABLE 1 RUNNING-IN DATA, BEARING SET NO. 1 


(High-lead babbitt; diameter 11/4 in., length, 11/4 in.) 
Run No. 1, No Run No. 3, 80 minrun- Run No. 5, 265 min 
— ee ning in, 212 ft-lb work, running in, 632 ft-lb 


5 load 150.6 |b work, load 250.4 |b 
Rpm ZN/P F Rpm ZN/P Rpm ZN/P_ 
497 523.0 0.0344 298 108.3 0.0077 84 20.2 0.0021 
360 380.0 0.0261 208 75.8 0.0054 57 13.6 0.0015 
286 306.0 0.0218 132 . 48.6 0.0037 40 9.6 0.0013 
223 239.0 0.0177 120 44.4 0.0036 32 7.7 0.0012 
168 183.0 0.0140 92 34.3 0.0030 24 5.8 0.0011 
122 135.0 0.0102 67 25.0 0.0024 18 4.3 0.0012 
105 115.0 0.0087 52 19.4 0.0021 14 3.4 0.0015 
84 94.0 0.0073 39 14.5 0.0017 8 1.9 0.0083 
66 72.6 0.0060 32 11.9 0.0017 
46 50.6 0.0043 27 9.9 0.0020 Run No. 6, 569 min 
31 34.1 0.0043 19 6.9 0.0026 running in, 973 ft-lb, 
24 26.4 0.0043 14 5.3 0.0040 work, load 300.3 Ib 
17 18.7 0.0048 Rpm ZN/P f 
14 +14.9 0.0051 Run No. 4, 129 min 82 15.2 0.0017 
running in, 328 ft-lb 54 10.1 0.0013 
Run No. 2, 36 minrun- work, load 200.5 lb 0.0010 
ning in, 107 ft-lb work, Rpm ZN/P 28 5.2 O 0010 
load 100.9 lb 04 79.9 0.0059 19 3.6 0.0008 
Rpm ZN/P bo 198 52.4 0.0043 15 2.7 0.0011 
176 98.4 0.0074 109 29.2 0.0027 13 2.3 0.0014 
108 60.4 0.0043 82 22.0 0.0023 ll 2.0 0.0018 
84 47.5 0.0034 62 16.7 0.0019 
69 38.7 0.0030 45 12.1 0.0016 RunNo.7 1017 min 
46 25.7 0.0026 36 9.7 0.0014 running in, 1726 ft- 
36 20.1 0.0021 32 8.7 0.0014 lb work, load 3 1b 
26 14.7 0.0022 27 7.2 0.0014 — ZN/P 
20 11.3 0.0027 21 5.6 0.0015 8.8 0 hers 
17 9.7 0.0040 18 4.8 0.0018 30 6.1 0.0010 
12 7.0 0.0090 14 3.8 0.0026 19 4.0 0.0009 
14 2.8 0.0009 
10 2.1 0.0011 
8 1.6 0.0025 
Note: If desired, the values of the viscosity in centipoises, Z, for each 


operating condition may be computed from the given values of ZN ip, speed, 
load, and bearing dimensions. 


TABLE 2 RUNNING-IN DATA, BEARING SET NO. 2 
(High-tin babbitt, diameter, 1'/; in., length in.) 


Run No. 1, Run No. 3, 118 min run- Run No. 5, 353 min 
No running in, ning in, 329 ft-lb work, running in, 860 ft-lb 
load 100.9 Ib load 200.5 lb work, load 300.3 |b 
Rpm ZN/P Rpm ZN/P Rpm ZN/P f 
362 173.0 0.0102 472 112.0 0.0064 80 13.7 0.0013 
280 140.0 0.0083 306 74.5 0.0045 55 9.5 0.0012 
94 48.0 0.0037 200 49.1 0.0033 43 7.5 0.0011 
61 31.4 0.0028 101 26.3 0.0021 37 0.0010 
46 23.6 0.0037 56 14.5 0.0016 29 4.9 0.0009 
30 15.6 0.0042 44 11.5 0.0012 23 4.0 0.0009 
17 8.6 0.0079 31 7.9 0.0013 17. 3.0 0.0012 
24 6.2 0.0014 14 2.3 0.0033 
18 4.6 0.0025 
Run No. 2, 34 min run- Run No. 4, 285 min Run No. 6 , 1059 
ning in, 167 ft-lb work, runningin, 682 ft- Ib work, min running in 1677 
load 100.9 lb load 300.3 lb ft-lb work, load 300.3 
Rpm ZN/P f Rpm ZN/P tf Rpm ZN/P f 
387 197.0 0.0113 359 60.0 0.0036 7 9.6 0.0010 
290 150.0 0.0084 215 36.2 0.0026 27 5.5 0.0009 
202 105.0 0.0062 103 17.4 0.0016 15 3.1 0.0008 
99 53.0 0.0035 78 13.5 0.0011 13 2.7 0.0007 
70 38.0 0.0028 53 9.0 0.0010 10 2.1 0.0007 
51 27.4 0.0025 38 6.5 0.0010 8 1.6 0.0009 
33 «17.6 0.0019 27 4.6 0.0009 1.4 0.0038 
24 12.7 0.0025 16 2.8 0.0039 


TABLE 3 RUNNING-IN DATA, REARING SET NO. 3 
(Hardened-lead alloy; diameter, 1'/; in.; length 1'/4 in.) 


Run No. 5, 
Run No. 1, Run No.3, 257 minrun- 946 min running in, 
No running in, ning in, 4279 ft-lb work, 18,942 ft-lb work, 
load 100.9 lb load 200.5 lb joad 300.3 lb 
Rpm ZN/P f Rpm ZN/P Rpm ZN/P_ 
479 268.0 0.0154 536 154.0 0.0095 8 99.0 0 0059 
364 220.0 0.0124 374 110.0 0.0073 19 57.0 0 0038 
242 147.0 0.0092 217 67.0 0.0052 212 39.3 0.0031 
161 101 0 0.0076 170 53.5 0.0046 105 20.0 0 0024 
94 61.0 0.0077 100 32.2 0.0041 65 12.5 0O 0023 
101 67.0 0.0079 71 22.9 0.0040 46 8.9 0 0025 
48.4 0.0077 51 16.1 0.0047 32 6.2 0.0037 
58 38.6 0.0084 33 «10.4 0.0068 24 4.6 0.0078 
48 31.5 0.0100 
36 =6.23.9 0.0121 
Run No. 2, Run No. 4, Run No. 6, 
153 min running in, 432 min running in, 1465 min running in, 


2618 ft-lb work, 7361 ft-lb work, 27,829 ft-lb work, 


load 100.9 lb load 200.5 lb load 300.3 Ib 

Rpm ZN/P Rpm ZN/P Rpm ZN/P 
518 294.0 0.0163 528 147.0 0.0088 546 94.0 0.0055 
316 182.0 0.0111 318 92.0 0.0060 334 58.0 0 0039 
192 115.0 0.0081 174 52.5 0.0042 198 36.5 0 0028 
102. 62.0 0.0063 102. 31.0 0.0036 104 19.6 0.0020 
57 36.0 0.0064 65 20.4 0.0036 52 10.0 0.0018 
41 25.9 0.0082 48 14.9 0.0042 41 7.9 0.001% 
27 «17.0 0.0119 36 611.3 0.0049 30 5.9 0.0018 
29 9.1 0.0066 22 «4.3 0.0033 
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(Set 1: high-lead babbitt bearings.) 
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(Set 3: hardened-lead bearings.) 


mum f for comparable conditions® of running in occur at higher 
values of ZN/P for the bronze and hardened-lead bearings than 
for the babbitt bearings. 


’ Because of the scale to which Fig. 5 is drawn the upper portions 
of curves 3 and C were omitted. 
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The data are too limited to indicate whether or not there is a 
general relation between the mechanical properties and the 
running-in characteristics of bearing metals. The higher values 
for the hardness and compressive strength of the hardened-lead 
alloy used in set 3 possibly are in agreement with the results of 
the running-in tests which showed that these bearings were 
harder to run in than the high-lead or high-tin babbitt bearings. 
On the other hand, from the mechanical properties of the metals 
used in sets 1 and 2 it might not be expected that these bearings 
would be so nearly alike in running-in characteristics as the tests 
indicate. Relatively large deposits of worn-off particles of 
bearing metal were found in the clearance spaces after the tests 
on set 3 were completed. These deposits possibly account, at 
least in part, for the greater difficulty in running in, for the 
higher values of ZN/P at minimum f, and also for the generally 
higher values of minimum /f. 

It is difficult to suggest the causes of the differences shown by 
the curves 2, A, and B since these differences are probably the 
result of a combination of factors. All three sets had different 
clearances but the results do not follow the order of change in 
clearance. There was some difference in the metals, the nominal 
composition of the babbitt used in sets A and B being 85 per cent 
tin, 7.5 per cent copper, and 7.5 per cent antimony. This 
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Fie. 5 Rewvation BETWEEN LocaTION oF THE MINIMUM 
PoINT AND THE FRICTIONAL WorK DoNE ON THE VARIOUS 
BEARINGS 


difference in composition may account for the better running-in 
characteristics shown by set 2. Another possible reason is that 
the journals may have been improved by a number of tests that 
had been run between the tests on set B and set 2. It should be 
noted also that in plotting the data as in Fig. 5 no provision is 
made for the possibility that the effects of a given amount of 
frictional work may be different at different loads and speeds, 
and the experience gained in the earlier tests tended toward an 
improved technique of running in for the later tests. Other 
factors that may be significant are geometrical variations and 
differences in methods of casting and finishing the bearing metals. 

(c) Effect of Changes in Load. In another investigation (6) 


it was found that for values of ZN /P near the point of minimum 
f, changes in load had marked effects upon the frictional character- 
istics of a well-run-in journal bearing. 


An increase in load 
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tended to decrease the value of ZN/P at minimum f and analysis 
of the data indicated that in this ‘‘thin-film’’ region the frictional 
characteristics of a bearing could be represented with reasonable 
accuracy by a single curve if f was plotted against ZN /./P. 

The final test runs for all the bearings were made at a load of 
300 lb, thus the curves representing these runs in Figs. 2, 3, and 
4 provide a direct comparison of the frictional characteristics of 
the three sets of bearings in the well-run-in condition. 

The initial runs, however were not all made at the same 
load and in all cases were made at loads lower than 300 Ib in 
order to minimize the risk of scoring the bearings. It is probable 
therefore, that the corresponding points on the curves in Fig. 5 
do not provide a direct comparison of the relative locations of the 
points of minimum f for all the bearings at the initial conditions. 
This may be obtained by correcting the observed values of 
ZN/P at minimum f to conform to a load of 300 lb, basing the 
correction factors upon the findings of the other investigation. 
The loads used in the initial runs with sets 1, 2, 3, A, B, and C 
were 50, 100, 100, 200, 50, and 150 lb, respectively, and the 
corrected values of ZN /P at minimum f for the respective bear- 
ings are 14, 17, 41, 26, 11, and 43. The data for the initial runs 
are of such a nature as to make it difficult to estimate with 
accuracy the location of the point of minimum f, thus the cor- 
rected values given are approximations only. While it is probably 


not significant, it is of interest that set B has the lowest corrected . 


value. The bearings in this set were finished with a special reamer 
and had the appearance of being smoother than the other bear- 
ings. 

ConcLUsION 


The characteristics of journal bearings indicated by the results 
of this and the previous investigations are summarized as follows: 

(a) The major effect of running in upon the frictional character- 
istics of a journal bearing is to reduce the value of ZN /P at the 
point of minimum f and hence to tend to increase the factor of 
safety. 

(b) The amount of running in required to produce a given 
change in the location of the point of minimum f was greater for 
the leaded-bronze and the hardened-lead bearings than for the 
high-lead or high-tin babbitt bearings. 

(c) In the region of thin-film lubrication under comparable 
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conditions of operation and degree of running in the bronze and 
hardened-lead bearings had a higher friction than the babbitt 
bearings. 

(d) The high-lead and high-tin babbitt bearings that were es- 
sentially alike in clearance and finish were also practically alike 
in running-in characteristics. 

(e) The data are too limited to indicate whether or not there 
is a general relation between the mechanical properties and the 
running-in characteristics of bearing metals. 

While these tests provide a general indication as to the run- 
ning-in and frictional characteristics of the various bearing metals 
used, they are not of sufficient scope to indicate the effect of all 
the factors involved. Systematic investigations of the effects of 
changes in length, diameter, clearance, bearing metal, technique 
in casting and finishing the metal, and method of running in, are 
suggested as promising fields of study. At the present time the 
need for such investigations is increasing to a marked extent be- 
cause of the use of new types of bearing metals. Also there is a 
growing tendency toward the use of oils that are compounded 
for the purpose of increasing either the oiliness or the so-called 
film strength and there is a lack of information as to how these 
various compounds actually affect bearing performance. 

Acknowledgment is made to the Bohn Aluminum & Brass 
Corporation for furnishing the bearings used in these tests. 
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Investigation of the Oxidation of Metals by 
High-Temperature Steam 


By A. A. POTTER,? H. L. SOLBERG,’ anv G. A. HAWKINS,‘ WEST LAFAYETTE, IND. 


Inasmuch as steam temperatures in modern central 
stations are approaching those used for the commercial pro- 
duction of hydrogen by reaction between steam and iron, an 
investigation was undertaken at Purdue University of the 
oxidation by steam of the various steels that are available 
for high-temperature steam service. Apparatus was con- 
structed and techniques developed for measuring the 
amount of oxidation due to temperatures up to 1200 F 
and pressures up to at least 1600 lb gage. Data are pre- 
sented showing the effect of temperature from 800 to 1200 
F on the oxidation of low-carbon steel in contact with 
steam at 1200 lb gage. The rate of oxidation of low-carbon 
steel at 1100 F is apparently the same at 400 and 1200 lb 
steam pressure. Apparatus was developed for operating 
seven tubes simultaneously under identical conditions 
and data are presented to show the comparative oxidation 
of six steels of different analyses. The investigation is 
being continued. 


by passing steam through a bed of porous iron ore, which is 
maintained at a temperature of from 1000 F to 1500 F. 
The process may be represented by the following reaction 


3Fe 4H,0 = Fe;0, 4H, [1] 


| | YDROGEN is produced commercially in large quantities 


After about ten minutes of steaming during which approximately 
one third of the steam is converted into hydrogen, water gas is 


1 Progress report of the A.S.M.E. Special Research Committee on 
Critical-Pressure Steam Boilers. 
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OTE: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


passed through the ore for twenty minutes to reduce the magnetic 
iron oxide, Fe;0,, to iron or a lower oxide of iron. The cycle is 
then repeated. Alloys of iron, especially manganese, chromium, 
tungsten, and titanium, have shown higher rates of reactivity than 
the cheaper iron ores, due to the lesser tendency of alloys of iron 
to sinter with local overheating. A working temperature of 650 C 
or about 1200 F is common. 

Most of the central-station installations now under construc- 
tion in the high-pressure range, about 1400 lb steam pressure, are 
designed to operate on steam at 900 to 925 F. Better efficiency 
would be obtained by using still higher steam temperatures. In- 
asmuch as the inner surface of a superheater tube, subject to heat 
transfer, is at a higher temperature than the steam in the tube, 
and this temperature difference may be considerable during start- 
ing or due to poor steam distribution, it is apparent that super- 
heater tubes may be operated at temperatures which approach 
those used for the commercial production of hydrogen from steam. 
In view of the reduced fuel consumption which would be possible 
by increasing the initial steam temperature to between 1000 and 
1200 F, a knowledge of the extent to which steam reacts with alloy 
steels at these temperatures is of considerable value in determin- 
ing the best material for service under such high-temperature 
conditions. The hot end of the high-temperature superheater is 
now made of alloy steel but few data are available as to the effect 
of steam on the various alloy steels that have been proposed for 
this service. The investigation now being carried on at Purdue 
University has for its objective, therefore, the determination of 
the extent of oxidation by high-temperature steam of the various 
steels that are available for service at the temperatures which are 
being used at present or may be used in the future in modern 
steam-power stations. 


Test SPECIMENS PROPOSED 


The following materials have been suggested as being suitable 
for inclusion in the test program: 


(1) Plain carbon steel 
(2) Plain carbon steel, calorized 
(3) Carbon; 0.5 per cent Mo 
(4) Carbon-molybdenum steel, calorized 
(5) Carbon; 1 per cent Mo 
(6) Croloy 2: 2 per cent Cr; 0.5 Mo 
(7) Croloy 3: 3 per cent Cr; 0.8 per cent Mo 
(8) Timken DM: 1.25 per cent Cr; 0.55 per cent Mo 
(9) Silicon-molybdenum: 1.5 per cent Si; 0.5 per cent Mo 
(10) Timken Sicromo: 2.46 per cent Cr; 0.50 per cent Mo; 
0.94 per cent Si 
(11) 4-6 per cent Cr; 0.5 per cent Mo 
(12) 4-6 per cent Cr; 0.5 per cent Mo; titanium equal to 4 
times carbon 
(13) 4-6 per cent Cr; 0.5 per cent Mo; columbium equal to 8 
times carbon 
(14) 9 per cent Cr; 1.5 per cent Mo 
(15) KA2S: 18 per cent Cr; 8 per cent Ni 
(16) KA2B which is same as KA2S with 2.5 per cent Si 
(17) 18 per cent Cr; 8 per cent Ni; titanium equal to 4 times 
carbon 
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(18) 18 per cent Cr; 8 per cent Ni; columbium equal to 8 
times carbon 

(19) 8.A.E. No. 6120: 1 per cent Cr; 0.18 per cent Va 

(20) USS Cor-Ten: 1.12 per cent Cr; 0.5 per cent Cu 

(21) Bain alloy: 1.88 per cent Cr; 0.6 per cent Mo 

(22) R R11 alloy: 12 per cent Cr; 0.5 per cent Ni 

(23) 19 per cent Cr; 9 per cent Ni; 0.05 per cent C 


Low-carbon steel being presumably the most susceptible to 
oxidation in the presence of steam of any of the materials in the 
list and, therefore, the most affected by changes in the variables 
which enter into the problem, it was decided to adopt low-carbon 
steel as the basic material with which to compare the behavior 
of the various steels in the foregoing list. One hundred linear feet 
of 1'/;-in. OD X 1-in. ID low-carbon seamless steel tubing from 
the same heat were supplied for this part of the investigation 
through the courtesy of the Babock & Wilcox Company. Ap- 
paratus was designed and constructed to permit the determination 
of the influence of such variables as pressure, temperature, and 
steam velocity upon the reaction between steam and low-carbon- 
steel tubing. It was planned to extend the investigation to the 
various alloy steels with such modifications in equipment and 
procedure as would be indicated during the study of the be- 
havior of low-carbon steel in contact with steam at high tempera- 
tures. 


DESCRIPTION OF APPARATUS 


Inasmuch as the reaction between steam and metals is pre- 
sumably a surface phenomenon which occurs at the temperature 
of the metal surface, it was decided to superheat the steam to the 
desired temperature and then pass it through a uniformly heated 
test specimen which was heated electrically to the same tempera- 
ture asthe steam. The change in the gas content and composition 
of the steam flowing throuth the test tube was assumed to be a 
measure of the reaction in the tube. This was to be determined 
by condensing all of the steam passing through the test section 
as well as a sample of the steam at the entrance to the test section, 
separating the dissolved gases from the condensate and collecting 
and analyzing them in a Burrell apparatus. For most accurate 
results, it is obvious that the gas content of the steam at the en- 
trance to the test section should be kept to a minimum. 


GAS SEPARATOR 
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In 1927, C. H. Fellows and M. G. Amick conducted experiments 
at The Detroit Edison Company on “The Trend of the Reaction 
Between Steam and Metals at Elevated Temperatures,” using 
low-carbon-steel and Enduro (16.35 per cent Cr) tubes. The ex- 
perimental setup was essentially the same as the one outlined 
in the preceding paragraph except that steam was introduced 
into the test section at about 750 F and also at saturation tem- 
perature, 420 lb steam pressure, and was heated during its 
passage through the test section, thus causing uncertainty as to 
the actual surface temperature at which the reaction was taking 
place. 

To generate steam in the Purdue University laboratory at high 
pressures and temperatures, a small gas-fired once-through steam 
generator was constructed by coiling about fifty linear feet of 
5/~-in. extra-heavy iron-pipe-size seamless low-carbon-steel tub- 
ing and thirty linear feet of */s-in. extra-heavy iron-pipe-size 18-8 
stainless-steel tubing stabilized with columbium. The stainless- 
steel tubing was used for the superheating section. 

While it was possible to control, within close limits, the steam 
pressure and steam temperature at the outlet of this steam 
generator, the steam at 1200 F was found to contain an excessive 
quantity of gas, principally hydrogen. This trouble was thought 
to be due to unequal heating of the tubing, resulting in localized 
hot spots. Efforts to overcome this situation by rearrangement 
of the heating surface were unsuccessful. It was decided, there- 
fore, to build a small water-tube boiler and to complete the super- 
heating of the steam in an electrically heated tube to eliminate the 
possibility of hot spots in the high-temperature end of the super- 
heater. 

Fig. 1 shows diagrammatically the arrangement of the appara- 
tus as finally constructed. The water-tube boiler has an evapora- 
tive capacitive of about 50 lb of water per hour. The drum was 
machined from a scrap piece of 10-in. locomotive axle and the 
boiler tubes were made of 1-in. extra-heavy iron-pipe-size seam- 
less-steel tubing. The primary superheater is the coil of 18-8 stain- 
less-steel tubing stabilized with columbium which was used in the 
once-through steam generator previously mentioned. At 1200 
lb operating pressure, the steam leaves the primary superheater 
at 800 F. The final superheating to the test temperature is 
performed in 20 linear feet of 1'/:-in. OD X 1'/y-in. ID 18-8 
stainless-steel stabilized with 
columbium and containing 4 


we 
Ke GB core of unstabilized 18-8 which 
: is l-in. OD. Chromel A resist- 
red H ance wire, insulated with porce- 


lain beads, is wound around 
the tubing and is arranged in 
four sections which may be 
connected in series or in paral- 
lel with suitable control resist- 
ances. Superheated steam from 
the secondary superheater may 
= be throttled, condensed in a coil 

of copper tubing placed in a can 
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© through which cold water flows, 
and weighed, or it may flow 
through two stop valves in 
series with a vent valve be- 
tween them to the test section. 
The test section consists of 8 
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ELECTRICALLY HEATED SUPERNEATER 


3-ft length of 1'/:-in. OD X 
1-in. ID tubing of the material 
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Fig. 1 DriaGRaMMATIC ARRANGEMENT OF HIGH-PRESSURE APPARATUS 


being studied, partially closed 
at each end by a screwed re- 
ducer and heated uniformly by 
an electric heater wound on 8 
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piece of 1'/s-in. standard pipe which will slip over the test sec- 
tion. Immediately ahead of the test section is a fitting into 
which are connected a pressure gage, thermocouple, and steam 
sampling line. Another fitting on the discharge side of the test 
section contains a second thermocouple. Each thermocouple is 
a small well of 18-8 stainless steel threaded to screw into a !/-in. 
pipe thread, with chromel and alumel thermocouple wires welded 
into the bottom of the well in such a way that the weld is im- 
mersed in the steam. Three thermocouples are peened to the 
outside surface of the test section as indicated in Fig. 1 and the 
electrical input to the heater is regulated so that the five thermo- 
couples indicate the same temperature. Then the heater supplies 
the radiation loss, and the steam and internal pipe surface are 
at the same temperature. Thus the temperature at which the re- 
action takes place is known. 

About one half of the steam passing the superheater is removed 
through the sampling line ahead of the test section, throttled, 
and condensed in a copper tube immersed in cold water, while 
the rest of the steam passes through the test section and is in turn 
throttled and condensed. The condenser cooling water is dis- 
charged onto the throttle valves to keep them cool, improve the 
regulation, and reduce the steam temperature before reducing 
the pressure. 

The condensate from the two condensers flows upward to the 
gas separator, the details of which are shown in Fig. 2. It con- 
sists of a section of 8-in. steel pipe closed at the lower end by a 
blind flange and with a welded cover plate on the upper end into 
which are welded two 2-in. nipples that are closed on their lower 
ends by welding. The condensate enters at A and B, passes up- 
ward through the copper heating coils S to the glass bells C which 
are set in rubber stoppers in the upper ends of the 2-in. nipples. 
Steam is supplied to the gas separator and the pressure, measured 
by a manometer, is held constant at 25 in. of water which causes 
violent boiling of the condensate in the glass bells. The con- 
densate is drained through the copper lines D and cooler E to the 
measuring burettes. The elevation of the ends of the condensate- 
discharge lines is adjusted to maintain a water level in the glass 
separating bells. The gases which are liberated from the boiling 
condensate pass through the auxiliary condensers O to the gas- 
measuring burettes where they are collected and measured at 
atmospheric pressure. The gas burettes and water bottles con- 
tain a saturated salt solution colored with methyl orange and 
sulphuric acid and saturated with commercial hydrogen. The 
gases are stored over mercury and analyzed in a standard Burrell 
apparatus. 

All piping, fittings, valves, superheaters, thermocouple bodies, 
and all other metal in contact with steam between the outlet of 
the boiler drum and the condenser coils on the discharge side of 
the water-cooled throttle valves are made of 18-8 stainless steel, 
with the single exception of the test specimen. Most of the joints 
were originally screwed connections, using standard !/,- or 3/s-in. 
pipe threads and a good high-temperature thread lubricant. 
Most of these screwed connections were finally welded to reduce 
leakage difficulties. 

Make-up water is obtained by condensing steam from the main 
in the steam laboratory of Purdue University in a coil of seamless 
copper tubing having a condensing capacity of about 125 lb per 
hr. The hot-well capacity is about 500 lb and contains a steam 
coil in which 50 Ib steam pressure is maintained during tests. 
About 80 lb of water is evaporated per hour in the hot well and 
vented to the atmosphere to remove dissolved gases. The re- 
mainder of the output of the make-up condenser is discharged 
from the hot well to the sewer so as to prevent dissolved iron or 
other impurities from concentrating in the hot-well water. A 
l'/: X 8-in. vertical triplex plunger pump is used for boiler-feed 
purposes and the excess water from the pump is delivered back 
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to the hot well through a by-pass valve. A pH value of 10 to 11 
is maintained in the boiler water by the use of sodium hydroxide. 

Fifteen grams of sodium hydroxide is required to condition the 
water used to fill an empty boiler. Mallinkrodt technical reagent, 
which contains 1.75 per cent of Na,COs, is used for this purpose. 
The gas separators are so sensitive that it is necessary to operate 
the boiler for a day following the introduction of the sodium 
hydroxide into the boiler to void the CO, liberated by the break- 
down of this small amount of Na,COs. 

Prior to conducting a test, the test specimen is sandblasted to 
remove all scale and to bring the internal surface to a uniform 
condition, after which it is filled with nitrogen and the ends are 
corked and sealed with paraffin. After a test specimen is in- 
serted, the thermocouples, heater, and insulation are installed; 
the system is filled with nitrogen; and the temperature is raised 
to the desired operating temperature, as indicated by the three 
thermocouples on the surface of the test specimen. Meanwhile, 
the steam generator and secondary superheater are brought up 
to normal operating conditions, and the steam is discharged 
through the starting condenser. After the flow rate and steam tem- 
peratures are stabilized, the stop valves to the test section are 
opened while the starting condenser is shut off, and the flow 
through the two condensers is adjusted by the throttle valves. 
Thirty minutes after the steam first enters the test section, the 
collection of gas is started. 


Experiences Wir 18-8 anp 25-20 SupERHEATER AND 
MatTERIAL 


When the equipment was first placed in operation, excessive 
quantities of gas appeared in the steam at the end of the elec- 
trically heated superheater element at steam temperatures above 
1000 F. As the authors had been advised that steam should 
react with 18-8 steel to only a limited extent at temperatures 
below 1200 F, considerable time was spent in checking into the 
reason for the excessive gas evolution. The gas evolution ceased 
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at steam temperatures below 975 F. It also apparently ceased if 
the steam pressure in the gas separator was reduced and appeared 
again when the pressure was returned to normal, thus indicating 
the necessity of employing a well-designed gas separator in which 
the condensate is boiled to detect the presence of the gas. The 
boiler feed pump packing and make-up and feedwater were 
checked for organic material. Oil deflectors were placed below 
the feed-pump crossheads to prevent lubricating oil from working 
down the pump plungers. Oil-deflecting shields were placed over 
the pump cylinder block to prevent oil from falling onto the block 
and working through the pump packing. Several pump packings 
were tried and Carbonite packing, made from asbestos, graphite, 
and a small amount of easily voided binder was selected. The 
packing was set up loose enough to allow some leakage of water to 
reduce entrainment of air and impurities by the descending pump 
plungers. None of these changes in the equipment or methods 
of operation eliminated the gas which appeared as soon as the tem- 
perature of the steam from the electrically heated 18-8 super- 
heater exceeded 975 F. 

A section of 5/s-in. OD X 3/s-in. ID, 25 per cent chromium, 20 
per cent nickel tubing was then connected in series with the 18-8 
superheater with a steam-sampling connection at the end of each 
element. The 25-20 tube was also heated electrically to insure 
uniform heating. On the first test, with steam entering the 25-20 
tube at 950 F and leaving at 1030 F, 550 cu cm of gas, which ana- 
lyzed 93 per cent hydrogen, was collected in 33 min. The rate of 
gas evolution decreased with increase of time. 

Runs were made on two successive days with the two super- 
heater materials in series and with steam at 1200 lb and 1100 F 
leaving each tube. The gas evolved, expressed in cubic centi- 
meters per hour, from a steam flow of 150 cu cm of condensate 
per minute was as follows: 


18-8 Tube 25-20 Tube 
First run 104 76 
Second run 88 52 


The gas samples analyzed 80-88 per cent H:, about three per 
cent CO,, and the rest nitrogen. It is probable that the entire 
15 linear feet of 25-20 tube was at 1100 F, while the amount of 
surface in the 18-8 tube at a temperature above 1000 F is un- 
known since the steam was being superheated in this element. 

Experience with these materials has led to the following con- 
clusions: 

(1) Steam at 1200 Ib and 1000 F will attack 18-8 and 25-20 
stainless steels with the evolution of hydrogen and the formation 
of a black layer of oxide which decreases the rate of reaction as 
the time element increases. 

(2) In view of the reaction between steam and these high- 
chromium stainless steels, it is probable that any commercially 
available superheater-material will be subject to a certain amount 
of oxidation by high-pressure high-temperature steam. 

(3) It is probable that for extrahigh steam temperatures, 
alloy materials should be used which will react with the steam 
to produce a thin, dense, tightly adherent oxide layer that offers 
maximum resistance to the penetration of the oxidizing agent 
and will not crack or spall when subjected to rapid or extreme 
changes in temperature. 

It should be noted that the black-oxide layer formed on stain- 
less steel in contact with steam at 1200 lb and 1000 F is entirely 
different, at least in appearance, from the microscopically thin, 
bright, oxide layer that is formed in air at room temperature. 


Gas Evo.ution From Low-Carson STEEL 


To check the accuracy with which results could be reproduced 
a number of test runs were made on specimens of low-carbon 
steel tubing 3 ft in length and 1'/,-in. OD X 1-in. ID, with steam 
at 1200 lb pressure and 1000 F. The total amount of gas collected 
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from the test specimen and the amount of hydrogen in this gas 
showed variations of as much as 2 to 1 between tests which 
were apparently identical. Steam and tube temperatures, 
pressures, and flow rates could be held to within + 1 per cent of 
the desired value without difficulty. Condenser-cooling-water 
temperature, gas-separator steam pressure, hot-well-heater 


pressure, pump speed, boiler-water conditions, and starting _ 


operations were examined carefully and standardized. Inas. 
much as erratic results continued, suspicion was directed to the 
test tube itself. 

It was known that gases are occluded in steel and that they 
cause difficulties in high-vacuum work. It was suspected that 
they were responsible for some of the troubles encountered at 
high temperatures. Five different tubes of low-carbon. steel 
1'/,-in. OD X 1-in. ID and three ft long, which had been sand- 
blasted internally and filled with nitrogen at atmospheric pres. 


TABLE 1 ANALYSES OF GASES LIBERATED FROM LOW-CARBON 
STEEL TUBES CONTAINING NITROGEN AT ATMOSPHERIC 
PRESSURE 

Tube no. A-2 B Cc D E 


Temperature, F 
Date 


A-l 


1000 1000 1000 1000 750 1000 
5/11/37 5/12/37 5/13/37 5/15/37 5/18/37 5/20/37 
Gas collected, cu cm 58 285 285 40 94 168 
Analysis, per cent 


CO: 6.55 4.33 5.27 7.80 3.15 
O: 2.29 0.82 0.71 1.28 1.59 
co 0.86 0.0 5.17 0.61 2.99 
53.1 17.8 21.85 10.60 5.19 
37.2 77.5 67.0 79.71 87.08 
H: collected, cu cm 31 51 62 10 9 
Time required to 
reach equilibrium, hr 1 7 6 15 10 
Aé 
ff 
G 
200 L 
400 
2 é é a 
7iME, HR. 
Fig. 3 Gas Evo.tutTion From Low-CarBon STEEL TUBES 4 


(These tubes were 1!/: in. OD, 1 in. ID, and 36 in. long and were filled 
with nitrogen.) 


sure and sealed, were mounted in turn in an electric heater, 
connected to a tank of commercial nitrogen at one end, and pr 
vided with a small-diameter outlet at the other. Nitrogen wa 
allowed to flow through the tube to remove all air. The nitrogen 


tank was disconnected after the inlet line had been closed by ~ 


three valves in series. The tube was heated to 1000 F ani 


after steady temperature had been established, a gas-collectiat 7 


burette and leveling bottle were used to collect the gases beilt 
discharged from the tube. Atmospheric pressure was mai — 
tained in the tube by the leveling bottle and no gas was collecte 


until the temperatures had stabilized at a constant value. Tube 4 


A, B, C, and E, Fig. 3 and Table 1, were maintained at a tet 
perature at 1000 F. The inner surface of the tubes showe 
evidence of the formation of a black layer, possibly of oxidize 
material. Therefore, tube D was heated only to 750 F to avo! 7 
changing the visible appearance of the internal tube surfs 7 
Fifty-eight cubic centimeters of gas were collected from tube4 
(A-1 in Fig. 3) after which it was allowed to cool overnigi! 4 
while full of nitrogen at atmospheric pressure. On the seco® 7 
day, A-2 Fig. 3, 285 cu cm of gas were collected from the sa : 
tube after the temperature had been stabilized at 1000 F. 47 
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Fie. 4 Detain oF Apparatus Usep FoR DeTERMINING THE DirrusION Rate or Gases THrovuGH STeeL aT High TEMPERATURES 


insufficient amount of gas was collected from tube C to make 
possible an accurate analysis. The gas was expelled from the 
tube more quickly at 1000 F than at 750 F. A marked varia- 
tion in results was obtained with different tubes at the same 
temperature and with the same tube at the same temperature 
on successive days as shown in Fig. 3 and Table 1. The erratic 
nature of these results furnished a possible explanation for the 
inability to check steam-metal reaction rates on the basis of 
hydrogen evolution from tubes on successive tests where all 
variables were presumably under control and eliminated. It 
also caused speculation as to the amount of gas occluded in the 
steel, the manner in which it is released on heating, the extent 
to which gas is absorbed on cooling from a high temperature, 
and the extent to which it will diffuse through a layer of steel 
at high temperatures. 

The apparatus shown in Fig. 4 was constructed to make some 
comparative measurements of the rate of diffusion of gases 
through steel at high temperatures. A 30-in. piece of */s-in. 
standard iron-pipe size low-carbon seamless steel tubing was 
sealed at both ends by welding and a nipple was welded 
into one end. A lathe cut was taken over the external surface 
to remove all paint, oil, and mill scale. This tube was inserted 
into a 3-ft section of 1!/.-in. OD xX 1-in. ID tubing closed at 
both ends by plugs. Gas could be introduced into the annular 
space between the tubes from one end, while gas could be intro- 
duced into or removed from the inner tube at the other end of 
theapparatus. An electric heater was placed over the outer tube 
and suitable peened thermocouples made possible the adjustment 
of the power input so as to attain any desired tube temperature 
up to 1200 F. The inner tube and nipple were tested for tight- 
ness by immersion in water when filled with nitrogen at 600 lb 
per sq in. 

With the tube at 1000 F, hydrogen maintained in the annular 
space at a constant pressure of 100 lb per sq in. gage and nitrogen 
in the inner tube at atmospheric pressure at the start of the test, 
3200 cu em of practically pure hydrogen were collected from the 
inner tube in a period of 19 hr of steady-temperature operation. 


> Fig. 5, plotted from the data, indicates a uniform rate of diffu- 
» sion of the hydrogen through the inner tube with respect to 


time. At the conclusion of this test, the temperature was de- 
creased to 800 F and the annular space was filled with oxygen at 
100 lb gage pressure. No gas could be collected from the inner 
tube, thus indicating not only the absence of oxygen diffusion 
through the metal but demonstrating the tightness of the system 
to ordinary leakage. 

To determine the effect of differential pressure and tempera- 
ture upon the rate of diffusion of hydrogen through a steel tube, 
& second apparatus was constructed in accordance with Fig. 4. 
Hydrogen was maintained in the annular space at a constant 
Pressure of 100 lb per sq in. gage and the inner tube was filled 
at the start with hydrogen at atmospheric pressure. Gas was 
collected from the inner tube at atmospheric pressure. This 
constant differential pressure of 100 lb per sq in. was maintained 
across the inner tube while the apparatus was operated at several 
different temperatures within the range from 400 F to 1200 F to 


measure the effect of temperature upon the rate of hydrogen 
diffusion. The results shown in Fig. 6 indicate no appreciable 
diffusion below 600 F and a rate of diffusion which increases 
rapidly with temperatures above 600 F. The apparatus was 
also operated at a constant temperature of 1000 F with atmos- 
pheric pressure in the inner tube and hydrogen at pressures 
from 20 to 100 lb per sq in. gage around the tube. As shown 
by the plotted results of Fig. 6, the rate of hydrogen diffusion 
depends directly on the pressure difference across the metal 
when the temperature is constant. The annular space between 
the tubes was next filled with nitrogen at a constant pressure of 
100 lb per sq in. gage and operated at 1000 F and also at 1200 F. 
No gas could be collected from the inner tube, thus demon- — 
strating the tightness of the apparatus to ordinary leakage and 
the fact that nitrogen will not diffuse through the tube at tem- 
peratures up to 1200 F. 

The results of these gas-diffusion tests indicate that while 
hydrogen will pass through low-carbon steel and nitrogen and 
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oxygen will not do so within the temperature range of the steam- 
corrosion experiments, the amount of hydrogen passing through 
the tube is probably small at the low partial-hydrogen pressure 
existing within the test section. It is, therefore, doubtful if 
the inability to check the results of successive steam-corrosion 
tests under presumably identical conditions on the basis of 
hydrogen generated in the test section can be attributed to 
hydrogen diffusion through the test specimen. 

To minimize the influence of occluded gases in the steel, as 
shown in Fig. 3, the starting cycle was modified. After the 
test specimen was inserted into the equipment, it was filled 
with nitrogen and heated electrically to 800 F for a period of 12 
hr after which it was brought to operating temperature, the steam 
was admitted, the collection of gas was started 30 min later, and 
the gas collected in the first two hours was analyzed and then 
discarded. It was still impossible to check the results of suc- 
cessive duplicate tests on the basis of the hydrogen evolved in 
the test section. It was, accordingly, decided to base the results 
on the weight of oxide that could be removed from the internal 
surface of the test tube at the conclusion of each test. 


DETERMINATION OF CORROSION Propucts BY WEIGHT 


The weight of scale was determined on a Becker balance 
capable of weighing a 100-g specimen with an accuracy of 1 part 
in 1,000,000. Within five minutes after the steam was shut off 
from the test section, it was removed from the apparatus, filled 
with nitrogen, and corked. Failure to carry out this procedure 
resulted in a red deposit forming in the tube. The tube was cut 
into six 4-in. lengths and machined carefully on the outside to 
remove the surplus steel to a shell thickness of about !/16 in., 
giving a specimen weight of about 100 g. Great care was neces- 
sary in making the final external cut as well as the end cuts 
to prevent chipping of the brittle scale. Each machined piece 
was wrapped in paper and handled with clean hands. On the 
recommendation of C. H. Fellows of The Detroit Edison 
Company, the following solvent and inhibitor was used to re- 
move the scale with minimum attack on the parent metal: 


Constituent Parts by weight 
Concentrated hydrochloric acid 100 
Antimony oxide (Sb2Os3) 2 
Stannous chloride (SnClz) 5 


After the specimen with its scale had been weighed, it was 
immersed in this solution, which was kept below room tempera- 
ture, for a period of from 10 to 20 min. After removal from the 
solution, the specimen was washed in alcohol, dried, and again 
weighed. The length of specimen was measured by a 4 in. 
micrometer and the internal diameter was also measured after 
removal of the scale. Then the weight of scale was computed in 
terms of grams per square inch of internal tube surface. As the 
specimen was weighed to the nearest 0.1 mg, the measurement of 
the internal tube diameter constituted the largest source of 
error in the determination. 

An examination of the weight of scale removed from the six 
specimens of a single test section showed that the scale deposit 
was heavier in the center of the tube than near the ends. This 
is attributed to heat leakage from the ends of the test tube in 
spite of the electric heaters which extended well beyond the 
ends of the section and the uniform external surface temperatures 
as indicated by the thermocouples. By careful manipulation of 
the heaters, it was possible to hold the maximum variation in 
scale formation in any one specimen to within 6 per cent of the 
mean for the entire tube. 

Inasmuch as duplicate check tests showed satisfactory agree- 
ment on the basis of scale removed from successive tubes sub- 
jected to presumably identical operating conditions, a series of 
tests was run to determine the effect of temperature and pressure 
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on the oxidation of low-carbon steel tubes in contact with 
steam. After the steam and tube were at the desired operating 
conditions, the steam was admitted to the tube and 30 min was 
allowed for adjustment and stabilization of conditions. Then 
readings were taken over a period of 36 hr after which the tube 
was removed quickly and filled with nitrogen and another tube 
substituted for it. With steam temperatures as low as 800 F, 
the 36-hr test gave a layer of scale thick enough to permit ac- 
curate weighing and was, therefore, adopted as a standard 
length of test. While the rate of reaction decreases with time as 
the layer of corrosion products increases in thickness, experience 
indicates that the layer, f black iron oxide FeO, which is formed 
under these conditions will not protect the parent metal from 
further oxidation. It is believed that these short-time tests give 
a reliable picture of the extent to which a clean metal surface 
is subject to oxidation by steam under various conditions of 
pressure and temperature. 


ReEsvutts OF Tests ON Low-CaRBON STEEL 
In Table 2 are tabulated the results of a series of tests at a 


TABLE 2 EFFECT OF TEMPERATURE UPON THE OXIDATION 
OF LOW-CARBON STEEL BY STEAM 
Scale formed in 36 


Steam pressure, hr, g per sq in. 


Temperature, F— lb per sq of internal tube 

Test no Steam Metal gage surface 
9 801 794 1195 0.0101 

7 904 894 1200 0.0125 
16 1005 1001 1200 0.0370 
15 1026 1023 1200 0.0452 
1l 1055 1045 1199 0.0432 
14 1073 1072 1200 0.0642 
18 1099 1097 1200 0.0973 
19 1105 1099 1200 0.1065 
17 1200 1195 1201 0.2970a 

23-hr test. 


constant steam pressure of 1200 lb gage with steam and metal 
surface temperatures from 800 to 1200 F. The high-tempera- 
ture test was terminated at the end of 23 hr because of the failure 
of a stop valve which had been subjected to rapid fluctuations in 
temperature when cutting in and shutting off steam from the 
test sections. These data are plotted in Fig. 7 and may be 
represented between 800 and 1100 F by the equation 


where 
W = scale formed per square inch of internal tube surface in 
36 hr, g 


t = surface temperature, F 


While the position of the curve above 1100 F is questionable 
because of the short test at 1200 F, it is probably steeper than 
indicated in Fig. 7 and the great influence of temperature upon 
the corrosion of low-carbon steel by steam is clearly indicated. 

The slope of this curve at the high-temperature end emphasizes 
the importance of maintaining, in high-temperature superheater 
design and operation, proper steam distribution and reasonable 
heat-transfer rates in order that the temperature of the internal 
surface of the superheater tube may not become excessive. 

At a constant temperature of 1100 F, steam pressure ap 
parently has no influence on the corrosion of low-carbon steel 
as shown by the data in Table 3. A test at 800 lb pressure 
was discarded because valve trouble interferted with regulation 
and resulted in low temperatures. A test at 1600 lb pressure 
was terminated by failure of a gasket in the boiler water level- 
gage glass. Lack of time prevented a repetition of these tests. 

To determine the possible effect of velocity at a constant 
metal surface temperature, a core of */, in. round 18-8 stainless 
steel 17 in. long was centered by pins in the second half of 
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TABLE 3 EFFECT OF STEAM PRESSURE UPON THE OXIDATION 
OF LOW-CARBON STEEL BY STEAM 
Scale formed in 36 


Steam pressure, hr, g per sq in. of 


lb per sq in., -—Temperature, F— internal tube 
Test no gage Steam Metal surface 
10 400 1100 1097 0.0962 
21 397 1098 1095 0.1046 
18 1200 1099 1097 0.0973 
19 1200 1105 1099 0.1065 


3-ft test section of low-carbon steel having an internal, diameter 
of lin. The entrance end of the core was parabolic in cross sec- 
tion. The test section was operated at 1200 lb pressure and 1100 F 
for a period of 36 hr after which the scale on that part of the 
tube containing the core was compared with the scale on the sec- 
tion which did not have a core. The results are as follows: 
Without core: 0.111 g of scale per sq in. of internal tube surface. 
With core: 0.171 g of scale per sq in. of internal tube surface. 
The scale formed in that part of the tube which did not have a 
core was about 8 per cent above that indicated by Fig. 7. 
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Fic. 7 Errecr or TEMPERATURE ON THE WEIGHT OF SCALE FoRMED 


(The curve is based on 36-hr tests of low-carbon-stee!l tubes which were sub- 
jected to a steam pressure of 1200 Ib per sq in.) 


This may be due to experimental errors or possibly to flow dis- 
turbances caused by the core in the second half of the tube. 
The data would indicate that, at least within certain limits, in- 
creased velocity adjacent to the surface of the metal accelerates 
the rate of corrosion at a constant metal temperature. This 
matter is being investigated in more detail. 


Low-PreEssurE EQUIPMENT 


Inasmuch as experience had indicated that at 1200 lb pressure 
and 1000 F, steam reacts with 18-8 stainless steel stabilized with 
columbium and with 25-20 stainless steel to form a black-oxide 
coating on the tube, and it was further known that 18-8 stainless 
steel had stood up for at least 36,000 hr of high-temperature 
service, mostly at 1100 F, in the experimental superheater of The 
Detroit Edison Company, it was believed that the protective 
characteristics of the oxide layer and its ability to remain im- 
Pervious under temperature fluctuations are of fundamental 
mportance. It was decided, therefore, to construct an apparatus 
in which seven different tubes could be subjected simultaneously 
to identical steam conditions which could be held constant 
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automatically for a considerable period of time or changed 
rapidly at will. In view of the apparent absence of pressure 
effects and the expense of operating a high-pressure boiler, it was 
decided to superheat steam from the regular laboratory steam 
header where the normal pressure is 200 lb gage. 

Steam for this study was superheated to about 620 F in a gas- 
fired superheater from which it flowed through a coil 
consisting of 70 ft of */,-in. standard iron-pipe-size seamless-steel 
tubing and 45 ft of 5/;in. OD X #/;-in. ID 25-20 stainless-steel 
tubing. This coil is capable of superheating at least 40 lb of 
steam per hour to 1200 F, the heating being accomplished 
electrically by passing alternating current through the tube it- 
self, which is connected across the secondary of a transformer. 
A Leeds & Northrup recording potentiometer is connected to a 
thermocouple at the superheater outlet and is used to operate a 
small relay which in turn operates a circuit breaker in the pri- 
mary circuit of the transformer. This control is capable of 
holding the mean steam temperature constant with cyclical 
variations of not over + 7 F. Six tubes, each 5 ft long, of 1'/,-in. 
OD  1-in. ID material, are nested in a bundle around a seventh 
tube of the same size. Each tube is provided at each end with a 
gasket and screwed reducer of 18-8 stabilized with columbium, 
On the inlet end, each tube is connected by a short !/,in. pipe 
nipple of stabilized 18-8 stainless steel to a common distribution 
flange of similar material which is bolted to a flange on the hot end 
of the superheater coil. The distribution flange also contains 
openings for a pressure gage, thermocouple, and steam sampling 
line. On the discharge end, each tube is connected by an 18-8 
stainless-steel nipple to a seamless tubular copper condenser 
which is totally submerged in a tank of cold running water. 
The condensate flows upward through a dirt trap and !/¢in. 
needle valve to a gas separator. The gas separator, similar in 
principle to the one shown in Fig. 2, is arranged to boil the 
condensate and remove the gases from eight condensate lines. 
The gases are collected and analyzed in the same manner as in 
the high-pressure setup. The tube bundle, consisting of a nest 
of seven tubes, is covered with mica, chromel resistance wire, 
thermocouples, and insulation, all arranged so that the tubes 
are heated uniformly to any desired temperature up to at least 
1200 F. In operation, the tubes and steam are maintained at 
the same temperature. 


Resutts From Low-Pressure TEsts 


Two low-carbon steel tubes and five other tubes of the compo- 
sitions indicated in Table 4 were arranged in a horizontal bundle 
with tube No. 7 in the center and the others surrounding it. 
These tubes were maintained at a uniform temperature of 1100 
F for two weeks, during which they were supplied with steam 
also at a steady temperature of 1100 F. The gas in the steam 
leaving each tube was collected and analyzed and the gas con- 
tent of the steam at the entrance to the tubes was also deter- 
mined. The flow rate through each tube was 4.8 lb per hr. 

At the end of 14 days of continuous operation, the equipment 
was shut down, 18 in. of tubing was cut from the discharge end 
of each of the seven specimens and the tubes, now 42 in. long, 
were reassembled and subjected to 7 days of continuous operation 
at 1100 F base temperature, which included 34 hr of steady 
temperature operation at 1100 F, followed by 10 successive 
swings in temperature during each of which the temperature was 
suddenly increased to 1150 or 1200 F, quickly reduced to from 
650 to 450 F and returned to a steady temperature of 1100 F. 

At the end of the 14-day period, the scale in each of the 18-in. 
samples was determined by the method described in connection 
with the high-pressure tests. The results are presented in Table 
4 and are designated as Test No. 1. At the end of the period of 
extreme-temperature fluctuations, the scale in the remaining 
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TABLE 4 COMPARATIVE OXIDATION OF SIX DIFFERENT STEELS IN CONTACT WITH STEAM AT 1100 F AND 175 LB GAGE 


——— Weight of scale formed-———.. 
G per sqin. of In per cent of scale 


internal tube sur- ormed in low- 
-——face-——. -—carbon steel— 

. —— Analysis of tube material Test Test Test Test 

Tube no. Material Cc Mo Si r ° ? 8 No.1 No. 2 No.1 No. 2 
3 Cold-drawn steel 0.10-0.20 0.30-0.60 0.045 0.055 0.218 0.524 100 100 
4 Cold-drawn steel 0.10-0.20 0.30-0.60 0.045 0.055 0.205 0.520 om 
1 Silicon-molybdenum 0.09 0.15 1.43 ee 0.50 0.018 0.019 0.140 0.343 66 66 
2 Timken (DM) 0.11 0.43 0.62 1.25 0.55 0.01 0.013 0.143 0.340 68 65 
4 Carbon-molybdenum 0.13 0.48 0.128 we 0.51 0.013 0.012 0.162 0.469 77 90 
5 B & W Croloy 3 0.15 0.48 0.45 3.12 0.368 70 
6 B & W Croloy 2 0.104 0.41 0.43 #+41.99 0.56 0.019 0.011 0.141 0.321 67 62 


42 in. of tube was determined for each specimen in a simi- 
lar manner and the result was reported in Table 4 as Test 
No. 2. 

The data in Table 4 indicate that, with the exception of tube 
No. 4, the extent of oxidation of the various alloy steels is about 
two thirds that of low-carbon steel. The data would indicate a 
higher oxidation rate during the period of fluctuating-tempera- 
ture operation than during the period of steady-tem- 
perature operation. However, too much reliance must not 
be placed on this conclusion because the data were obtained 
from the first test run made with the low-pressure equipment 
and it was found that the scale deposit was heavier in the center 
of each tube than near the ends, due perhaps to unequal tem- 
peratures along the tube bundle or to the influence on velocity 
of sudden changes in cross section at each end. Nevertheless, 
the seven tubes were operated under practically identical condi- 
tions as between tubes so that the results from Test No. 1 are 
comparable one with another, and the same is true of the results 
from Test No. 2. 

Difficulty was encountered in machining some of the 4-in. 
long specimens into which the tubes were cut prior to weighing 
them because of the chipping of the relatively thick layer of 
brittle scale. The data from tube No. 5 on Test No. 1 were dis- 
carded for this reason. Also, the action of the inhibitor and sol- 
vent on the alloy steels and the relatively thick layer of scale 
introduced some uncertainty. Accordingly, attention is being 
given to the possibility of chemical removal of the oxidation 
products from an entire tube without cutting or machining the 


external surface, and a measurement of the corrosion products by 
titration methods. 

As in the high-pressure tests, the gas-evolution data could not 
be correlated with the data in Table 4 and the results from the 
two low-carbon-steel tubes differed widely on the basis of total 
gas evolution, constituents, and rates. During the second or 
fluctuating-temperature period, the rate of gas evolution showed 
no correlation with the temperature variations. In the opinion 
of the authors, the gas-evolution data collected during a test are 
of little value except as a rough indication of the extent to which 
the layer of corrosion products is retarding the rate of attack, 
and, therefore, have not been reproduced in this report. 

After certain changes have been made in the equipment and 
procedure as indicated by the experience obtained to date, 
the low-pressure apparatus will be used to compare the extent 
of oxidation of the various steels listed in this paper. 

The investigation has been made possible by the cooperation 
with Purdue University, of the A.S.M.E., the Engineering 
Foundation, The Superheater Company, The Babcock & Wilcox 
Company, Utilities Coordinated Research, The Detroit, Edison 
Company, National Tube Company, Crane Company, and The 
Timken Roller Bearing Company. 

The authors also wish to acknowledge their special apprecia- 
tion of the assistance rendered by Dr. T. DeVries and Dr. C. J. 


Klemme of the staff of Purdue University, W. H. Armacost of |~ 


the Superheater Company, H. J. Kerr of The Babcock & Wil 
cox Company, and C. H. Fellows of The Detroit Edison Com- 


pany. 
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Air Conditioning of Railroad Passenger Cars 


By L. W. WALLACE! anp G. G. 


The authors sketch briefly the development of railroad 
air conditioning and outline the methods of refrigeration 
that are used for cooling passenger cars. They give the 
results of a study of passenger-car air conditioning con- 
ducted in 1936 by the Association of American Railroads, 
which included: (a) Determination of the efficiency of 
the air-conditioning systems in use, by means of labora- 
tory tests; (6) determination of the mechanical efficiency 
of the drive mechanisms; (c) a survey of the performance 
of the equipment in service; and (d) determination of the 
comparative costs of air conditioning. Based upon these 
tests, the authors develop the horsepower demand upon 
a locomotive by the different air-conditioning systems. 
They give formulas by which the cost of air conditioning 
per 1000 car-miles for the various systems may be cal- 
culated. These formulas take into consideration the 
variables confronted in actual operating service, namely, 
the length of the cooling season, the speed of the train, 
the total miles traveled per year, the cost of coal, water, 
ice, etc., and the proportion of time the equipment is 
operating and not operating during the cooling season. 
Tables and curves are given showing the total cost of the 
different methods of air conditioning for a variety of 
operating conditions. 


History OF AIR CONDITIONING 


HE VENTILATION of railroad passenger cars for the 
‘Eicon of providing patrons with comfortable and health- 

ful atmospheric conditions has always been given much 
attention by railroad managements and equipment designers. 
Attempts were made eighty-five years ago to secure better ven- 
tilation in passenger cars by installing door-like windows which 
opened outward toward the back of the car. With these win- 
dows open and the train in motion, the aspirating effect of the 
outside air caused air to be drawn out of thecar. The air leaving 


' Director, Division of Engineering Research, Association of 
American Railroads. Mem. A.S.M.E. Mr. Wallace was graduated 


* from the Texas A. and M. College in 1903. From 1906-1917 he 


was a member of the faculty of Purdue University. In 1912 he 
received an M.E. degree from Purdue and in 1932 the University 


» conferred upon him an honorary degree of doctor of engineering. 


Mr. Wallace was associated with the Diamond Chain & Manufactur- 
ing Company, Indianapolis, Indiana from 1917-1919 in the capacity 
of assistant general manager. He then became director of the Red 
Cross Institute for the Blind at Baltimore, Md., and in 1921 became 
executive secretary of the American Engineering Cow.zcil, Wash- 
ington, D. C. He was vice-president of the W. S. Lee Engineering 


~» Corporation 1934-1935 and in 1935 was appointed to his present 


position. 
_? Research Engineer, Division of Engineering Research, Associa- 


7 tion of American Railroads. Mr. Early was graduated from Wash- 


ington University, with a degree in chemical engineering in 1932. 
He held positions as research chemist for the Owens-Illinois Glass 
Co. and the Buffalo Cold Storage Co. before assuming his present 
duties in January, 1936. 

Contributed by the Railroad Division for presentatién at the 
Annual Meeting of Tae AMERICAN Society oF MECHANICAL 
NEERS, to be held in New York, N. Y., December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 


the Society. 


EARLY, JR.,2 CHICAGO, ILL. 


the car through the windows was constantly replaced by outside 
air entering through orifices in the car roof. 

The Atchison, Topeka, and Santa Fé Railway was the pioneer 
among American railroads in attempting air cooling. In 1914 it 
equipped fifteen dining cars with air washers which washed the 
air with sprays of ice-cooled water. The air washers cooled the 
cars a few degrees, but did not have sufficient capacity to over- 
come the extreme desert temperatures in which the cars operated. 

In the summer of 1929 the Baltimore and Ohio Railroad 
equipped an experimental air-conditioned coach. This was the 
direct forerunner of the first completely air-conditioned car, a 
Baltimore and Ohio diner, the Martha Washington, placed in 
service in May, 1930, between Washington, D. C., and New York 
City. In July of the same year, the Atchison, Topeka, and Santa 
Fé Railway also had in service its first air-conditioned dining car. 
Since that time, the number of installations has mounted until 
at the present time there are approximately 10,000 air-condi- 
tioned cars operated by railroads in the United States and Canada. 


MeETHODs OF REFRIGERATION USED ON RAILROAD 
PASSENGER CARS 


There are three general types of refrigerating systems used on 
air-conditioned passenger cars: (1) the ice-activated system, 
(2) the steam-ejector system, and (3) the mechanical compres- 
sion system. The mechanical compression system is divided 
into three classes according to the source of power for operating 
the compressor. These three classes are: 

(a) The electromechanical compression system, which obtains 
power from a generator driven by the car axle and from a large 
capacity (1000 amp-hr) storage battery to operate the compres- 
sor motor. 

(b) The direct mechanical compression system, which obtains 
power directly from the car axle by means of a mechanical drive. 
The speed of the compressor is regulated by an electric speed 
control which permits slippage at high car speeds. 

(c) The internal-combustion engine, mechanical compression 
system, which obtains power from a propane-driven internal 
combustion engine and which is, consequently, independent of 
the car axle as a source of power. The propane is stored in 
tanks under the car. 

Ice-Activated System. The ice-activated method of refrigera- 
tion as applied to air-conditioned railroad passenger cars uses 
the cold water from melting ice for cooling the air within the car. 
In some equipment the air is further cooled and washed by spray- 
ing cold water into the air stream. After the water has circulated 
through the system it is returned to an ice bunker where its tem- 
perature is reduced by the ice. 

The melting ice creates an excess of water in the system which 
must be removed. This is accomplished by means of an over- 
flow trap which maintainsa constant water level in the ice bunker. 
To obtain the greatest efficiency from an ice-activated system the 
water that overflows should be at as high a temperature as pos- 
sible. For this reason, the water discharged is always that re- 
turning from the cooling coils, which is at a slightly higher tem- 
perature than that in the bunker. In some cases, before being 
discharged, the waste water is circulated through an additional 
set of coils by means of which the incoming fresh air is precooled 
before passing through the regular cooling coils. This method is 
the most economical. 

Steam-Ejector System. The steam-ejector method of re- 
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frigeration as applied to air-conditioned railroad passenger cars 
is based upon the fact that water under reduced pressures will 
boil at low temperatures. If the pressure is reduced to 29.6 in. 
of vacuum, water will boil at 50 F. When water boils it ex- 
tracts heat from its surroundings equivalent to its latent heat of 
vaporization. Since it is possible with a steam-ejector to obtain 
a very low pressure, or a high degree of vacuum, and a corre- 
spondingly low temperature, this method of refrigeration is ap- 
plicable to a passenger car when sufficient steam to operate the 
ejector is available from a locomotive boiler. The operation of 
the steam-ejector system is: 


1 Water, at a low temperature and at approximately atmos- 
pheric pressure, is circulated through cooling coils where it ab- 
sorbs heat from the mixture of recirculated air from the car and 
outside air. 

2 After passing through the cooling coils, the water is sprayed 
into an evaporator where the pressure is maintained very much 
below that of the atmosphere. Due to the lowered pressure, the 
heat absorbed by the water causes a small part of it to evaporate 
and the temperature of the water is reduced. 

3 To maintain the low pressure in the evaporator, the water 
vapor is removed as fast as it is developed. This is accomplished 
by the steam ejector. 

4 The mixture of water vapor and steam is discharged into a 
condenser where it is condensed. 

5 A purge ejector, operated by pumping through it the con- 
denser spray water, removes the condensate and maintains the 
necessary low pressure in the condenser. 

6 Water must be supplied to the evaporator in an amount 
equivalent to the vapor removed. Part of the condensate from 
the condenser is used for this purpose. 


Mechanical Compression System. When a volatile liquid is 
permitted to vaporize, a reduction in temperature takes place. 
If the volatile liquid or refrigerant is in a closed cycle and the 
resultant vapor is again liquefied by the application of external 
work, continuous cooling may be obtained by the repeated use 
of the same refrigerant. The refrigerant used in railroad air- 
conditioning systems is dichlorodifluoromethane, commercially 
known as Freon, or F,,. The operation of the mechanical com- 
pression system is: 


1 The refrigerant in a liquid state and at high pressure in a 
receiver is forced by its pressure through an expansion valve. 

2 The expansion valve controls the flow of the liquid refrig- 
erant from the receiver to an evaporator where a low-pressure ex- 
ists. Due to the reduction in pressure, a portion of the refriger- 
ant evaporates, thereby lowering its temperature. 

Asthe low-temperature refrigerant flows through the evapo- 
rator it absorbs heat from the mixture of air from the car and 
outside air passing over the coils of the evaporator. This ab- 
sorption of heat vaporizes the refrigerant. 

4 The refrigerant vapor flows to the suction side of a com- 
pressor where it is compressed. Due to the application of ex- 
ternal work, both the temperature and pressure of the refrig- 
erant is raised. 

5 The refrigerant vapor is discharged from the compressor 
into a condenser where heat is transferred from the refrigerant 
to the cooling medium passing over the condenser coils, thus 
condensing the refrigerant to a liquid state. The cooling me- 
dium of the condenser is either outside air or a combination of 
air and water. 

6 The liquid refrigerant flows from the condenser into the 
receiver, after which the cycle is repeated. 


Air-ConDITIONING RESEARCH 
In order that the railroads might select the best equipment for 
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their respective requirements, the need for an economic and en- 
gineering appraisal of the different systems became apparent, 
During the period of rapid development in design and growth 
in the number of applications of air conditioning, problems also 
arose pertaining to the performance of the various appurte- 
nances which go to make up a completely air-conditioned car, 


Accordingly, early in 1936, a comprehensive research program : 


was launched by the Division of Equipment Research of the 
Association of American Railroads. The objectives of the pro- 
gram were: (a) Determination of the efficiency of air-condition. 
ing systems by means of laboratory tests. (b) Determination 
of the mechanical efficiency of the drive mechanisms. (¢) 
Survey of the performance of the equipment in service, both by 
road tests and by laboratory hot-room tests. (d) Determina- 
tion of the comparative costs of air conditioning on the basis of 
1000 car-miles. 

Laboratory Tests of Air-Conditioning Systems. Each of the 


major air-conditioning systems in use on passenger cars was put — 


through a series of rigorous floor tests under controlled conditions 
representing the normal range of temperatures and resistance to 
the flow of air through the cooling coils that would be encountered 
in actual operation. The test procedure and instruments used 
conformed to the “Standard Method of Rating and Testing Air. 
Conditioning Equipment,” prepared by the Joint Committee on 
Rating Commercial Refrigerating Equipment and sponsored by 
the American Society of Refrigerating Engineers. 

Each air-conditioning system was subjected to nine tests with 
temperatures and external air-resistance pressures as shown in 
Table 1. 


TABLE 1 CONDITIONS OF TESTS OF AIR-CONDITIONING 
SYSTEMS 
External air- 

resistance ——— Temperature of air in Deg 

Test pressure, Entering condensers Entering cooling coils 

number in, of water Dry bulb Wetbulb- Dry bulb Wet bulb 
101 0.00 80 68 80 67 
102 0.00 90 72 80 67 
103 0.00 100 76 80 67 
104 0.00 110 80 80 67 
105 0.50 90 72 80 67 
106 0.85 90 72 80 67 
107 0.85 100 76 80 67 
108 0.85 110 80 80 67 
109 0.00 95 75 95 75 


1 Four tests were run at zero external air-resistance pressure 
with condenser-air temperatures of 80, 90, 100, and 110 F. 

2 One intermediate test was run at 0.5 in. of water external air 
resistance pressure and 90 F condenser-air temperature. 

3 Three tests were run at 0.85 in. of water external air-resist- 
ance pressure with condenser-air temperatures of 90, 100, and 
110 F. 

4 During all these tests the temperature of the air entering the 
cooling coils was maintained at 80 F dry bulb and 67 F wet bulb. 

5 During one test of each unit, as shown by test 109, the 
temperature of the air passing over both the condensers ané 
cooling coils was 95 F dry bulb and 75 F wet bulb. This test 
was made to determine the performance of the system under § 
high load, a condition similar to that experienced in precooling § 
hot passenger car. 


The refrigerating capacity of the air-conditioning systems W# 
measured by the quantity of air circulated and the degree % 


cooling. .The power consumption of the air-conditioning syste™ 


was measured as the electric input to the motors operating tht — 


equipment. 


Table 2 shows the refrigeration developed and the power Co! 4 


sumption of the air-conditioning systems tested at one of tht 


test conditions, namely, at 90 F outside-air temperature and 0.0 


in. of water external air-resistance pressure. These conditio® 


are those commonly used by the manufacturers in rating the! ] l 


equipment for commercial purposes. 
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en- | TABLE 2 POWER CONSUMPTION OF DIFFERENT RAILROAD 
ent 9 AIR-CONDITIONING SYSTEMS 
th Manufac- Refrigeration 
W turer's delivered 
also rated at test -—— Power consumption—— 
capacity, conditions, w per ton of 
irte- System tons tons Total, kw refrigeration 
Car A 2.75 2.77 7.4 2.67 
B 3.5 3.40 5.91 1.74 
ram | C 5 6.22 8.39 1.35 
th »D 6 5.61 10.6 1.89 
e E 6 6.31 8.96 1.42 
pTo- F 6 6.90 9.58 1.39 
4 G 7 7.08 12.88 1.82 
Lion- H 7 7.48 11.29 1.51 
ti I 7 8.00 11.35 1.42 
7 7.33 0.81le 
(c) K 7 7.49 1.276 0.176 
6 5.9 3.42c¢ 0. 58¢ 
h by M 7 7 1.194 0.174 


« Additional consumption of 7.55 lb of propane per br, or 1.3 lb per hr per 
ton of refrigeration. 

» Additional consumption of 7.25 lb of propane per hr, or 0.97 lb per br 
per ton of refrigeration. 
th ¢ Additional consumption of 180 lb of steam per hr, or 30.5 |b per hr per 
ton of refrigeration, 


3 put 4 Additional consumption of 536 lb of ice per hr, or 76.7 lb per hr per ton 
of refrigeration. 

a Laboratory Tests of Drive Mechanisms. ‘To transfer sufficient 
ose power from the car axle to operate the air-conditioning systems 
» hin some form of drive mechanism is required. The mechanical 
se on efficiencies of six different drives were obtained by measuring the 
d by power required to operate the drive at different loads. The 


loads were applied by a prony brake connected to the drive shaft. 
The power input was measured by means of a torque arm at- 
tached to the housing of an electric dynamometer which was 
used as a variable-speed motor. The knife-edge on the end of 
the torque arm rested on a platform balance where the input 
torque was measured. The loads applied were equivalent to 
car-generator outputs ranging from zero to 20 kw, at equivalent 
train speeds ranging from 15 to 90 mph. Table 3 shows the 


TABLE 3 MECHANICAL EFFICIENCIES OF CAR-AXLE DRIVES 
FOR RAILROAD AIR-CONDITIONING SYSTEMS 
Efficiency in per cent at car speeds of 
Drive 30 mph 50 mph 70 mph 90 mph 
A 77.0 69.5 47.0 34.0 
B 98.3 95.0 92.5 90.9 
Cc 93.5 92.5 91.0 89.5 
D 92.5 91.3 89.5 88.5 
E 90.2 93.0 89.5 87.0 
F 92.5 87.5 84.5 81.5 


mechanical efficiency of six different car-axle drives for railroad 
_ air-conditioning systems at different car speeds. 
) Drive A isa direct mechanical type. Each of the other drives 


0. and i is an electromechanical type, requiring the use of a generator and 
: ) motor to transmit the power from the mechanical element of the 
ing te drive to the flywheel of the compressor. The efficiency of power 
t bulb. transmission from the car axle to the compressor flywheel is 
19. the shown in Table 4. 
rs and 4 
is test TABLE 4 EFFICIENCIES OF POWER Tear FROM 
11s CAR AXLE TO COMPRESSOR FLYWHEE 
inder 8 ’ Efficiency in per cent at car speeds of —~ 
voling § Drive 30 mph 50 mph 70 mph 90 mph 
: A 77.0 69.5 47.0 34.0 
e B 61.5 60.5 59.0 56.0 
ms Ws Cc 58.5 59.0 57.5 55.0 
of a D 58.0 57.5 56.0 53.5 
gree © E 56.5 59.0 56.0 53.0 
systems | F 57.0 54.5 52.0 49.0 
ing the 
j SURVEY OF PERFORMANCE OF EQuiPMENT IN SERVICE 
ver ot When the air-conditioning study was inaugurated, there were 
of *Pproximately 6000 air-conditioned cars in service. In order to 
and © @Pfound out a complete program, it was necessary to determine the 
nditior @?erformance of air-conditioned cars both under controlled condi- 
ng the? | tions and in actual operating service. 


For this reason tests were made of (1) 14 air-conditioned cars in 
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a laboratory hot room, and (2) 594 cars in actual service through- 
out the country. 

(1) Laboratory Hot-Room Tests of Air-Conditioned Cars. The 
most important results arising out of the laboratory hot-room 
tests of air-conditioned cars consisted of information concerning 
(a) the insulating value of the cars, (6) the effect of sun upon 
cooling requirements, and (c) the influence of duct design and 
location on air movement and temperature distribution. 

(a) To determine the effectiveness of the insulation, heat was 
added by electric heaters to the inside of the car at a uniform and 
measured rate. After constant temperature conditions had been 
established the heat loss through the car structure was necessarily 
equal to the heat added. Under still air conditions, the inside 
and outside temperatures were measured to determine the tem- 
perature difference causing the heat loss. 

The average coefficient of heat transmission for the roof, walls, 
floor, and ends, exclusive of the glass, for the 14 cars tested in the 
hot room, ranged from 0.263 to 0.555 Btu per hr per sq ft per 
deg F difference in temperature. A significant fact disclosed by 
these measurements is that the measured coefficient is approxi- 
mately one and one-half times the coefficient calculated from a 
typical car section. 

The heat transmission through structural-steel beams is usually 
not included in calculated coefficients. The tests of air-condi- 
tioned cars show that the heat loss through these beams, if not 
taken into account, is sufficient to cause a considerable error in 
the over-all coefficient of heat transmission. 

(b) The heat load due to solar radiation was determined by 
measuring the refrigeration delivered by the air-conditioning 
equipment with sun effect present and subtracting from it the 
heat load without sun effect. To provide for the sun load for a 
70-ft car, about 1.2 tons of additional refrigeration are required. 

(c) Air movement and temperature distribution were meas- 
ured in the car when the equipment was in continuous operation, 
and maintaining 80 F dry bulb and 50 per cent relative humidity 
at the recirculated-air grille. Air movement was measured with 
a Kata thermometer at each end and the center of the car at 
heights of 11 in. and 46 in. from the floor. Temperature meas- 
urements were made at eight locations in the car, equally spaced, 
and at three heights from the floor at each location, namely 11 in., 
46 in., and 65 in. These three heights were used as representa- 
tive of ankle level, head level when seated, and head level when 
standing, respectively. 

The effectiveness of each air-delivery system was measured in 
terms of (a) the uniformity of temperature throughout the car, 
(b) the velocity and uniformity of the air movement, (c) the 
appearance or nonappearance of hot or cold spots, (d) the pres- 
ence or absence of drafts, and (e) the characteristics of the air 
flow. In terms of the foregoing factors, the several types of air 
delivery fall in the following order of preference: 


1 Inside center duct, with approximately 20 outlets. 

2 Double outside ducts, with the outlets in each duct not 
directly opposite those of the other duct. 

3 Single outside duct. This type is much less desirable than 
either of the two foregoing. 

4 Double end bulkhead. 

5 Center bulkhead. 


Tests were recently made on one car using a multivent method 
of air delivery which has approximately 2000 small! circular 
openings per sq ft of ceiling area. The temperature distribution 
obtained on this car was superior to that obtained on any of the 
14 cars tested. This type of air distribution, however, is essen- 
tially the same as the inside center duct, with thousands of 
outlets. 

(2) Road Tests of Air-Conditioned Cars in Service. Through- 
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out the entire country and on thirty-one different railroads tests 
were made on 594 cars in actual operation. The road tests dis- 
closed two important facts: First, that more adequate and posi- 
tive control of temperature and humidity should be provided; 
and second, that many of the air-conditioning systems are not 
supplying sufficient outside air. An insufficient supply of outside 
air is one of the frequent causes of odors in air-conditioned en- 
closures. 

Determination of Cost of Air Conditioning. The finance, 
accounting, taxation, and valuation department of the Associa- 
tion of American Railroads obtained from the accounting de- 
partments of the sixteen railroads which were foremost in passen- 
ger-car air conditioning the necessary information for the deter- 
mination of the investment and maintenance costs of air condi- 
tioning. When included with the operation costs, which were 
determined by the results of the equipment tests, the total cost 
of air conditioning was derived. 


Power DEMAND Upon Locomotive BY DIFFERENT AIR-CONDI- 
TIONING SYSTEMS 


Power Required to Operate the Air-Conditioning Equipment. 
The average amounts of electrical and mechanical energy, steam, 
ice, and propane consumed by the various systems when in con- 
tinuous operation at average temperatures are known for the 
laboratory-test data. 


(a) Electromechanical........ 10.5 kw 
(b) Direct-drive, mechanical... 1.0 kw and 10.24 hp 
(c) Internal-combustion engine, 

mechanioal............. 1.23 kw and 7.3 lb propane per hr 
(d) Steam-ejector............ 7.2 hp and 230 lb steam per hr 
(e) Ice-activated............. 1.61 hp and 463 lb ice per hr 


Horsepower Required at Car Axle to Operate Air-Conditioning 
Equipment. The horsepower required at the car axle to furnish 
the above mechanical and electrical power is higher due to the 
losses in the driving mechanism at the speed of train operation. 
For the purpose of the calculations which follow, speeds of 30, 50, 
70, and 90 mph have been chosen. The efficiency of the driving 
mechanisms at these speeds is shown by the following: 


Mechanical efficiency in per cent 
at car speeds of ————. 


30 mph 50 mph 70 mph 90 mph 


Efficiency of direct drive 77.5 70 47 34.5 
Average efficiency of four me- 

chanical drives and generators 

(for electric power generation) 75 75.4 73 70 


The horsepower required at the car axle is accordingly: hpse = 
hp,/E, 


Where 
hp, = horsepower required at car axle 
hp, = horsepower required to operate air-conditioning 
equipment 
E, = efficiency of drive in per cent 


Horsepower Required at Drawbar to Operate Air-Conditioning 
Equipment. The drawbar horsepower is higher than that at the 
axle due to axle-bearing friction. A friction loss of 5 per cent has 
been assumed. Therefore, the horsepower at the drawbar is 
= hp,/0.95. 

Horsepower Required at Drawbar to Haul Added Weight of Air- 
Conditioning Equipment. In addition to the drawbar horse- 
power necessary for the mechanical operation of the equip- 
ment, power is required to haul the added weight of the equipment. 
The average increase in weight of cars due to air conditioning is: 


4.8 tons 
4.3 tons 


Electromechanical.............. 
Direct mechanical......... 
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Internal-combustion engine, mechanical....... . 4.3 tons 


From published data* on passenger-train resistance, the calcu- 
lated drawbar horsepower required for each additional ton of 
weight is as follows: 

-———Car speeds, mph——--~ 
30 50 70 90 
Drawbar horsepower required 


per ton of added weight 0.24 0.53 1.06 2.16 


Multiplication of the weights of the air-conditioning equip- 
ment in tons by the above factors will give the additional drawbar 
horsepower required to haul the weight of the equipment at the 
various speeds. 

Total Power Demand Upona Locomotive by One Air-Conditioned 
Car. The total power demand upon the locomotive by the 
different types of air-conditioning systems at a given speed is 
accordingly the sum of the power required to operate the equip- 
ment and the power required to haul the weight of the equipment 


at that speed. Table 5 shows the total drawbar horsepower per 


TABLE 5 TOTAL DRAWBAR HORSEPOWER RE 
CAR BY DIFFERENT AIR-CONDITIONING SYSTEMS WHEN IN 
CONTINUOUS OPERATION 


~——Drawbar hp at car speeds of- 


Type of air-conditioning system 30 mph 50 mph 70 mph = 90 mph 
Electromechanical . 20.9 22.2 25.4 31.6 
Direct mechanical. . 16.8 19.5 29.5 2.6 
Internal-combustion engine, 

mechanical............ 4.6 7.0 11.9 
Steam-ejectora...... 9.3 12.5 19.0 
Ice-activated... 3.2 4.5 6.8 11.6 


a In addition, power from the locomotive is required to the extent of | 


230 lb of steam per hr 


TABLE 6 TOTAL DRAWBAR HORSEPOWER REQUIRED PER 
CAR BY DIFFERENT AIR- Strano SYSTEMS WHEN 
NOT IN OPERATIO 


hp at car speeds of -— 


Type of air-conditioning system 30 mph 50 mph 70 mph 90 mph | 
Electromechanical.............. 5.0 6.4 9.0 14.4 
Direct mechanical... . 5.2 6.4 8.7 13.5 
Internal-combustion engine, 

2.2 3.5 5.8 10 6 
Steam-ejector. . 5.4 8.4 14.8 
Ice-activated....... ct. 3.2 5.5 10.2 


TABLE 7 AVERAGE DRAWBAR-HORSEPOWER DEMAND UPON 
THE LOCOMOTIVE PER wwe T AIR-CONDITIO¥- 
SYS 


-—Average drawbar hp at car speeds of— 


Type of air-conditioning system 30 mph 50 mph 70 mph 90 mph 
Electromechanical............. 13.9 15.2 18.2 24.0 
Direct mechanical. oa.7 13.7 20.3 29.6 
Internal-combustion | engine, 

2.8 4.1 6.5 11.4 
Steam-ejectora............. ; 62 7.6 10.7 17.5 
Toe-nctivated. 2.6 3.9 6.2 11.0 


a In addition, power from the locomotive is required to the extent of 230 
lb of steam per ‘br during the time the equipment is in operation. 


car required by the different air-conditioning systems for speeds 
ranging from 30 to 90 mph. 


When an air-conditioning equipment is not operating, theres | 


still a power demand upon the locomotive due to (a) the power 
required to haul the added weight of the equipment, (5) the powe? 
required to operate the cooling-coil fan, (c) the power required to 
overcome drive and generator friction, and (d) the losses 0 
casioned by taking power from storage batteries. Table 6 shows 
the drawbar horsepower required by each of the air-conditioning 
systems when the equipment is not operating. 

From the results of many tests it was found that for averag? 
conditions the average cooling capacity of air-conditioning 


systems was 5.92 tons and that the average refrigeration load 00 |~ 


car during the cooling season was 3.3 tons. The ratio of demand 


3 Mechanical Engineers’ Handbook, Lionel S. Marks, Editor-i 
Chief, McGraw-Hill Book Co., Inc. (3rd ed.) 1930, p. 1489. 
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to capacity, 3.3/5.92 = 0.56 or 56 per cent, is the percentage of 
time the cooling system is in operation, on an average, during the 
cooling season, 

If 56 per cent of the drawbar horsepower required when an air- 
conditioning system is in operation is added to 44 per cent of the 
drawbar horsepower required when the air-conditioning system is 
not in operation, the sum is the average drawbar-horsepower 
demand upon a locomotive during the cooling season. The 
values of this average drawbar-horsepower demand for each of the 
air-conditioning systems are given in Table 7. 


Cost oF RaILtRoaD AIR CONDITIONING 


The total cost of railroad air conditioning consists of three 
essential elements: (a) Cost of installation, (b) cost of main- 
tenance, and (c) cost of operation. 

Cost of Installation. The cost of installing an air-conditioning 
system on a railroad car includes: (1) Purchase price of all the 
parts of an air-conditioning system; and (2) expenditure for 
labor, miscellaneous materials, and overhead expense required for 
the installation. 

The gross installation cost reported by 16 railroads is shown in 
the following tabulation for the five types of air-conditioning 
systems: 


Gross 
installation 

cost 
Electromechanical. . . . . $6484 .00 
$8515.00 
Internal-combustion engine, mechanical... .. $5750.00 


The gross installation cost may be amortized on the following 
bases: 


(a) Depreciation rate.............. 12.5 per cent 


(c) Taxes and insurance rate........ 1.5 per cent 


The fixed charges per 1000 car-miles for any type of system are: 
FC = 1000 X 0.20 A/m 


where 
FC = fixed charges in dollars per 1000 car-miles 
A = gross installation cost in dollars 
m = total number of car-miles traveled in one year 


Cost of Maintenance. Since the air conditioning of railroad 
passenger cars is a relatively new undertaking, a standard method 
of procedure for segregating maintenance costs has not been de- 
veloped. However, the cost of maintenance reported by 16 rail- 
roads is shown in the following tabulation for the five types of 
air-conditioning systems: 


Average main- 
Number tenance cost per 


of unit per 1000 
System units car-miles 
Electromechanical 391 $3.33 
Direct mechanical................... 312 2.33 
Internal-combustion engine, mechanical. 45 3.30 
Steam-ejector..... 223 2.15 


Expressed by formula, the maintenance cost per 1000 car-miles 
for any type of system is MC = 1000B/m 


where 
MC = maintenance cost in dollars per 1000 car-miles 
B = annual maintenance cost in dollars 
m = 


total number of car-miles traveled in one year 
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Cost of Operation. The cost of operation of each air-condition- 
ing system is influenced by the following factors: 

1 Speed of Train Operation. The train speed affects the 
efficiency of the drive mechanism, the horsepower required to 
haul the weight of the equipment, and the time required to cover 
a given distance, which is proportional to the amount of elec- 
tricity, steam, ice, or propane consumed. 

2 Cost of Producing a Horsepower-Hour by the Locomotive. 
For average purposes, 3.5 lb of coal are consumed by a locomotive 
per cylinder hp and 6 lb of water are used to 1 lb of coal. With 
coal at an average determined price of $2.39 per ton, water at 
$0.75 per 1000 cu ft, and a locomotive mechanical efficiency of 
90 per cent, the cost of coal and water for one horsepower-hour 
becomes: 


3.5 X $2.39 
2000 x 0.90 


3 Ratio of Operating Time to Nonoperating Time. As 
pointed out in the section on the horsepower demand upon the 
locomotive, an air-conditioning system operates on an average of 
56 per cent of the time during the cooling season. 

4 Length of Cooling Season. The length of the cooling season 
has a decided effect upon the operating cost. The actual cost of 
operation per 1000 car-miles for an entire year is composed of the 
cost of operation during the cooling season plus that cost associ- 
ated with the remainder of the year. 

5 Cost of Additional Necessities. At current prices, the cost 
of ice in a bunker may be taken as $4.42 per ton, the cost of pro- 
pane on a car as $0.039 per lb, and the cost of steam as the actual 
cost of the coal and water used in generating the amount of steam 
required. 

Considering all the variable factors, the cost of operation per 
1000 car-miles for any railroad air-conditioning system may be 
calculated by the following formula: 

1000K 


2s" (D X E + 0.56F X G) + 


3.5 X $0.75 
0.90 X 1000 X 62.4 


= $0.00493 per hp-hr 


1000(12 — 


K) 
OC = 12S (H X EB) 


where 


operation cost in dollars per 1000 car-miles 

average drawbar-horsepower demand on a locomotive 
by the air-conditioning system at speed S. (Table 7) 

cost per hp-hr, dollars 

additional necessities, such as ice, steam, or propane, 
Ib per hr 

cost of additional necessities, dollars per lb 

= drawbar hp required when system is not operating 

(Table 6) 

= speed of train operation, mph 

= length of cooling season, months 

0.56 = proportion of operation time to total time during the 

cooling season 


Total Cost of Air Conditioning. When fixed charges, main- 
tenance cost, and operation cost are each expressed on the basis of 
1000 car-miles, as in the foregoing, addition of the three elements 
will give the total cost of air conditioning upon that same basis. 

From an operating standpoint, the cost of air conditioning is 
affected by the variable factors previously outlined. In addition, 
the economics of air conditioning is affected by another factor, 
the total number of car-miles per year, which directly influences 
the fixed charges per 1000 car-miles. 

Because of these variables, a categorical statement cannot be 
made as to which system is the best from the standpoint of eco- 
nomics. In each case, the selection has to be made on the basis 


Bs 


of the prevailing operating circumstances that are confronted, 
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TABLE 8 COMPARATIVE TOTAL COSTS PER 1000 CAR-MILES 
OF FIVE DIFFERENT METHODS OF AIR CONDITIONING RAIL- 
ROAD PASSENGER CARS “ture SEASON OF THREE 


Cost per 1000 car-miles on the basis of the 
following car-miles per year 
50,000 100,000 150,000 200,000 250,000 


Cooling season of three 


Train speed 30 mph 
Electromechanical....... $29.89 $17.20 $12.96 $10.85 $ 9.58 
Direct mechanical....... 37.47 4.80 11.95 10.25 
Internal-combustion en- 


gine, mechanical...... 28.27 16.91 13.13 11.24 10.10 
Steam-ejector........... 36.95 20.18 14.58 11.79 10.10 
Ice-activated........... 21.74 14.08 11.52 10.25 9.48 

Train speed 50 mph 
Electromechanical....... $29.56 $16.87 $12.63 $10.52 $9.25 
Direct mechanical....... 37.16 20.15 14.49 11.64 9.94 
Internal-combustion en- 

gine, mechanical...... 27.50 16.14 12.36 10.47 9.33 
Steam-ejector........... 36.62 19.85 14.25 11.46 9.77 
Ice-activated........... 19.70 12.04 9.48 8.21 7.44 

Train speed 70 mph 
Electromechanical....... $29.50 $16.81 $12.57 $10.46 $9.19 
Direct mechanical....... 37.17 20.16 14.50 11.65 9.95 
Internal-combustion en- 

gine, mechanical...... 27.24 15.88 12.10 10.21 9.07 
Steam-ejector........... 36.57 19.80 14.20 11.41 9.72 
Ice-activated........... 18.88 11.22 8.66 7.39 6.62 

Train speed 90 mph 
Electromechanical...... . $29.63 $16.94 $12.70 $10.59 $9.32 
Direct mechanical 37.31 20.30 14.64 11.79 10.09 
Internal-combustion en- 

gine, mechanical...... 27.23 15.87 12.09 10.20 9.06 
Steam-ejector........... 36.73 19.96 14.36 11.57 9.88 
Ice-activated........... 18.57 10.91 8.35 7.08 6.31 


TABLE 9 COMPARATIVE TOTAL COSTS PER 1000 CAR-MILES 
OF FIVE DIFFERENT METHODS OF AIR CONDITIONING RAIL- 
ROAD PASSENGER CARS ——- S SEASON OF FIVE 


Cost per 1000 car-miles on the basis of the 


Cooling season of five following car-miles per yr————~ 
months 50,000 100,000 150,000 200,000 250,000 

Train speed of 30 mph 
Electromechanical....... $30.13 $17.44 $13.20 $11.09 $ 9.82 
Direct mechanical....... 37.65 20.64 14.98 12.13 10.43 

Internal-combustion en- 

gine, mechanical...... 29.11 17.75 13.97 12.08 10.94 
Steam-ejector........... 37.13 20.36 14.76 11.97 10.28 
Ice-activated........... 24.91 17.25 14.69 13.42 12.65 

Train speed of 50 mph 
Electromechanical....... $29.70 $17.01 $12.77 $10.66 $ 9.39 
Direct mechanical....... 37.28 20.27 14.61 11.76 10.06 


Internal-combustion en- 


gine, mechanical...... 28.00 16.64 12.86 10.97 9.83 
Steam-ejector........... 36.72 19.95 14.35 11.56 9.87 
Ice-activated........... 21.59 13.93 11.37 10.10 9.33 

Train speed of 70 mph 
Electromechanical....... $29.61 $16.92 $12.68 $10.57 $ 9.30 
Direct mechanical....... 37.30 20.29 14.63 11.78 10.08 
Internal-combustion en- 

gine, mechanical...... 27.50 16.24 12.46 10.57 9,43 
Steam-ejector........... 36.65 19.88 14.28 11.49 9.80 
Ice-activated........... 20.24 12.58 10.02 8.75 7.98 

Train speed of 90 mph 
Electromechanical....... $29.72 $17.03 $12.79 $10.68 $ 9.41 
Direct mechanical....... 37.46 20.45 14.79 11.94 10.24 
Internal-combustion en- 

gine, mechanical...... 27.52 16.16 12.80 10.94 9.77 
Steam-ejector........... 36.79 20.02 14.42 11.63 9.94 
Ice-activated........... 19.62 11.96 9.40 8.13 7.36 


which must include (a) the length of the cooling season, (b) the 
cooling load, (c) the total car-miles traveled, (d) the length, speed, 
and schedule of the runs, and (e) the costs of ice, fuel, and water 
in the locality considered. 

Comparisons of the total cost per 1000 car-miles for the five 
methods of air conditioning are shown in Tables 8 to 11, and Figs. 
1 to 4 for: (a) Cooling seasons of 3, 5, 8, and 10 months, (6) 
average train speeds of 30, 50, 70, and 90 mph, and (c) total car- 
mileages ranging from 50,000 to 250,000 miles per year. 

A study of the cost phases of a railroad passenger-car air- 
conditioning system brings out several facts of prime importance. 
Table 12 compares the installation cost and the fixed charges, 
operation, and maintenance costs for the various air-conditioning 
systems computed for a condition fairly representative of the 
average for theentirecountry. The facts disclosed by the data in 
Table 12 justify the following conclusions: 

1 The installation cost of air-conditioning equipment is too 
high. The purchase price of the equipment is 50 to 75 per cent of 
the installation cost, the remainder being caused by necessary 
changes in car construction. Reduction of the installation cost 


TABLE 10 COMPARATIVE TOTAL COSTS PER 1000 CAR-MILES 
OF FIVE DIFFERENT METHODS OF AIR CONDITIONING RAIL- 
ROAD PASSENGER CARS ote SEASON OF EIGHT 


Cost per 1000 car-miles on the basis of the 
following car-miles per yr 


Cooling season of eight 


months 50,000 100,000 150,000 200,000 250,000 
Train speed of 30 mph 
Electromechanical ...... $30.49 $17.80 $13.56 $11.45 $10.18 
Direct mechanical....... 37.91 20.90 15.24 12.39 10.69 
Internal-combustion en- 
gine, mechanical...... 30.36 19.00 15.22 13.33 12.19 
Steam-ejector........... 37.39 20.62 15.02 12.23 10.54 
Ice-activated........... 29.63 21.97 19.41 18.14 17.37 
Train speed of 50 mph 
Electromechanical....... $29.92 $17.23 $12.99 $10.88 $9.61 
Direct mechanical....... 37.45 20.44 14.78 11.93 10.23 
Internal-combustion  en- 
gine, mechanical...... 28.77 17.41 13.63 11.74 10.60 
Steam-ejector........... 36.88 20.11 14.51 11.72 10.03 
Ice-activated........... 24.44 16.78 14.22 12.95 12.18 
Train speed of 70 mph 
Electromechanical...... . $29.77 $17.08 $12.84 $10.73 $ 9.46 
Direct mechanical....... 37.51 20.50 14.84 11.99 10.29 
Internal-combustion en- 
gine, mechanical...... 28.14 16.78 13.00 11.11 9.97 
Steam-ejector.....:..... 36.77 20.00 14.40 11.61 9.92 
Ice-activated........... 22.27 14.61 12.05 10.78 10.01 
Train speed of 90 mph 
Electromechanical...... . $29.85 $17.16 $12.92 $10.81 $ 9.54 
Direct mechanical...... . 37.68 20.67 15.01 12.16 10.46 
Internal-combustion en- 
gine, mechanical...... 27.94 16.58 12.80 10.91 9.77 
Steam-ejector........... 36.88 20.11 14.51 11.72 10.03 
Ice-activated........... 21.21 13.55 10.99 9.72 8.95 


TABLE 11 COMPARATIVE TOTAL COSTS PER 1000 CAR-MILES 
OF FIVE DIFFERENT METHODS OF AIR CONDITIONING RAIL- 
ROAD PASSENGER CARS i! A COOLING SEASON OF TEN 


ONTHS 
Cost per 1000 car-miles on the basis of the 
Cooling season of ten -—~———following car-miles per yr————. 
months 50,000 100,000 150,000 200,000 250,000 
Train speed of 30 mph 
Electromechanical....... $30.73 $18.04 $13.80 $11.69 $10.42 
Direct mechanical....... 38.09 21.08 15.42 12.57 10.87 
Internal-combustion en- 
gine, mechanical...... 31.22 19.86 16.08 14.19 13.05 
Steam-ejector........... 37.57 20.80 15.20 12.41 10.72 
Ice-activated........... 32.81 25.15 22.59 21.32 20.55 
Train speed of 50 mph 
Electromechanical....... $30.07 $17.38 $13.14 $11.03 $ 9.76 
Direct mechanical...... . 37.58 20.57 14.91 12.06 10.36 
Internal-combustion en- 
gine, mechanical...... 29.29 17.93 14.18 12.26 11.12 
Steam-ejector........... 36.99 20.22 14.62 11.83 10.14 
Ice-activated........... 27.17 19.51 16.95 15.68 14.91 
Train speed of 70 mph 
Electromechanical....... $29.88 $17.19 $12.95 $10.84 §$ 9.57 
Direct mechanical....... 37.64 20.63 14.97 12.12 10.42 
Internal-combustion en- 
gine, mechanical..... . 28.50 17.14 13.36 11.47 10.33 
Steam-ejector........... 36.84 20.07 14.47 11.68 9.99 
Ice-activated........... 23.62 15.96 13.40 12.13 11.36 
Train speed of 90 mph 
Electromechanical....... $29.94 $17.25 $13.01 $10.90 $ 9.63 
Direct mechanical....... 37.83 20.82 15.16 12.31 10.61 
Internal-combustion en- 
gine, mechanical...... 28.21 16.85 13.07 11.18 10.04 
Steam-ejector........... 36.94 20.17 14.57 11.78 10.09 
Ice-activated........... 22.26 14.60 12.04 10.77 10.00 


TABLE 12 COST OF RAILROAD AIR CONDITIONING FOR 
DIFFERENT TYPES OF SYSTEMS 


Cost per 1000 car-miles for 40 
average cooling season of 5 months, 
an average train speed of 50 mph, 
and an average car mileage of 150,00 


Gross ————— miles per 
Type of air-conditioning installation Fixed Operation Maintenance 
system cost charges cost cost 
Electromechanical...... $6,484.00 $ 8.65 $0.99 $3.33 
Direct mechanical...... 8,515.00 11.35 0.93 2.33 
Internal-combustion en- 
gine, mechanical... .. 5,750.00 7.67 1.99 3.30 
Steam-ejector.......... 8,475.00 11.30 1.02 2.15 
Ice-activated.......... 3,982.00 5.31 5.29 0.97 


must come mainly through reduction in the purchase price of the 
equipment. There is nothing complicated about the railroad 
air-conditioning unit, merely the usual combination of heat-e%- 
change devices, and there is no reason why these devices cannot 


be manufactured upon a production basis at a cost which is but® 


small fraction of the present cost. A mechanical compressio 
system has no more intricate and complicated mechanisms than 
an automobile, yet it sells for a price of 3 to 4 times that of an 
average automobile. ; 

2 The maintenance cost, except for the ice-activated system, 
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much more than the operation cost. When the premium price 
which is paid for the equipment is considered, the maintenance 
cost of an air-conditioning system should be in the same relation- 
ship with the operation cost as it is in the case of an automobile. 

3 No great reduction in the operating cost is possible, except for 
the ice-activated system, which is dependent upon the cost of ice. 

4 The fact that an air-conditioning system is the least eco- 
nomical from the operation standpoint does not necessarily make 
it the least desirable system, provided the purchase price is not 
excessive. The ice-activated system, with the highest operating 
cost, is still the most economical system to use in certain cases 
because of its low installation cost. It is important to note that, 
since the operating cost is such a small percentage of the total 
cost, from an economic standpoint, a difference of $100 is all that 
is justifiable in the purchase prices of the most efficient and the 
least efficient electromechanical compression systems that are 
suitable for railroad use. Or, conversely, a railroad air-condition- 
ing system may be the least efficient from a power-consumption 
standpoint, but it can still be on the same economical basis as the 
most efficient system, provided its purchase price is $100 less than 
that of the most efficient system. 


CONCLUSION 


1 The initial investment required for the air conditioning of 
railroad passenger cars is too high and should be reduced. We 
shall be greatly interested in any plan which will mean a very sub- 
stantial reduction in the initial investment. 
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2 Too much emphasis has been placed upon cooling, which is 
only one phase of air conditioning. A corresponding emphasis 
should be placed upon each of the five essentials: Heating, cool- 
ing, ventilation and cleaning, humidification, and dehumidification. 

3 There is need for a more adequate and positive automatic 
control of temperature and humidity. 

4 The economy and efficiency of the individual elements which 
constitute an air-conditioning system require attention. It is not 
at all clear that each of these elements performs with that degree 
of efficiency reasonably to be expected. Apparently there has 
been too much striving for wide application and not sufficient 
analysis of conditions to be corrected. 

5 The power demand upon a locomotive by an air-conditioned 
car ranged from approximately 4 to 15 hp at an average speed of 
50 mph. For the average train of air-conditioned cars, the power 
requirement for air conditioning alone may be as much as 10 per 
cent of the available power of the locomotive. It is clearly evi- 
dent that the power demand upon the locomotive by air condi- 
tioning should be reduced. 

6 There is evidence to show that it would not be in the interest 
of economy, efficiency, or satisfactory air conditioning to adapt a 
given system to all conditions. There is evidence to show that 
the selection of an air-conditioning system should be made on the 
basis of the circumstances associated with each geographical area 
together with investment, economy, and efficiency factors. 
There is no universality associated with air conditioning and no 
universal means of accomplishment. 
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Colors and Gums Used in Textile Printing 


By IVAN F. CHAMBERS,'! WILMINGTON, DEL. 


The text summarizes the uses and methods of applica- 
tion of various types of colors employed in printing textiles. 
Each class of colors is discussed individually from the 
viewpoint of fastness, method, and mechanics of applica- 
tion, kind of goods it is best suited for, and its compati- 
bility with other classes cf colors. 

Vat colors are particularly stressed both because of their 
all-round superior fastness as a class and because of their 
adaptability to both direct and discharge printing. An 
interesting feature is the description of how chemical 
research has extended the field of vat and insoluble azoic 
colors, not only in the range of colors made available, but 
also in the ease and simplification of their application. 


important colors and gums used in textile printing in this 

country. Colors and procedures which are in current use 
for special articles will not be discussed as the scope of a paper 
of this kind is necessarily limited. A large percentage of the 
total yardage of printed textile materials is processed, however, 
by well-established procedures employing a relatively few general 
classes of colors. Among the more important colors used for 
printing may be mentioned the following: (a) vat colors, (6) 
insoluble azo colors (stabilized azoic colors), (¢) basic colors, 
(d) chrome colors, and (e) acid colors. 


‘ie PURPOSE of this paper is to outline briefly the more 


Vat CoLors 


Vat colors as a class are distinguished by their excellent 
fastness properties, being superior to all other classes of synthetic 
colors in resistance to washing, bleaching, light, and other de- 
structive agencies. Vat colors are therefore employed for print- 
ing the highest grade of cotton, linen, and rayon fabrics including 
shirting material, draperies, women’s and children’s dress goods, 
and other fabrics which are subjected to maximum wear and re- 
peated launderings. 

In addition to their excellent fastness properties, vat colors are 
readily adaptable to the various methods or styles of machine 
printing. The two most important methods from the point of 
view of yardage printed are the direct- and discharge-printed 
styles. Direct printing refers to printing on white or undyed 
cloth while discharge printing consists in printing on a fabric 
which has been dyed with a dischargeable azo color. 

The oldest known representative of the vat colors is indigo 
but this color has been superseded for printing purposes by the 
halogenated indigoids, which are brighter and have better fast- 
ness properties. The modern vat-color series has been augmented 


’ Research Chemist, technical laboratory, E. I. du Pont de Nemours 
& Co., Inc. Mr. Chambers received the degree of B.S. in chemical 
engineering in 1921 from Massachusetts Institute of Technology and 
in 1922 his M.S. from the University of Geneva, Switzerland. He has 
been associated with his present concern since 1927 in research work 
on dyestuff application. 

Contributed by the Textile Division for presentation at the 
Annual Meeting of Tae AMERICAN Soctety or MEcHANICAL ENGI- 
NEERS, to be held in New York, N. Y., December 6 to 10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


by derivatives of thioindigo, anthraquinone, and carbazole, so 
that an extensive range of shades is available today. 

Vat colors in their normal state are water-insoluble pigments 
and are marketed in the form of a paste or a powder. The paste 
type is manufactured by grinding the pigment in water with a 
dispersing agent which prevents coagulation or agglomeration of 
the pigment particles. The individual particle is very small; 
typical pastes containing particles varying from '/: micron to 
8 microns in diameter. The powder type of vat color is pre- 
pared by mixing the dry pigment with dextrin, sugar, or other 
water-soluble diluent. The powders are usually mixed with water 
to form pastes before use. 

When vat colors are treated with a reducing agent in the 
presence of alkali they become water-soluble and it is in this 
water-soluble or leuco form that impregnation of the fabric with 
the color takes place. A typical vat-color printing paste is pre- 
pared by incorporating the color in a vat-color printing gum which 
contains the ingredients necessary for reduction of the color. 
The printing gum is usually prepared in stock quantities and 
may be employed for a considerable length of time without 
deterioration. A normal printing gum is prepared by adding 
potash, reducing agent, and glycerine to an aqueous starch or 
dextrin paste. The reducing agent universally employed for 
printing vat colors is sodium sulphoxylate formaldehyde, a com- 
pound which is stable and relatively inert at room temperature 
but at elevated temperatures, such as are encountered in a vat- 
color ager or steam box, becomes strongly reducing in character. 

The general procedure consists in printing the fabric with the 
vat-color printing paste, drying, and then aging the printed 
material for from 4 to 8 minutes. Aging is a term which signifies 
exposure of the goods to live steam, precautions being taken to 
prevent mixture of air with the steam. During the aging process, 
the dyestuff is reduced to its soluble form and thoroughly per- 
meates the fabric. After aging, the goods are immersed for a 
short time in an oxidation bath of sodium bichromate or sodium 
perborate which oxidizes the vat color to its insoluble form, the 
color becoming essentially an integral part of the fiber. The 
goods are then rinsed and soaped to remove the residue of the 
printing paste and to brighten the shade of the color. 

Vat colors are equally suitable for direct printing or dis- 
charge printing. Direct printing on white or undyed fabrics 
requires little comment. In the case of discharge printing, the 
fabric is dyed the desired shade with a dischargeable azo dyestuff 
and is then ready to be printed. Many azo colors employed for 
dyeing undergo degradation of the azo linkage when treated 
with a reducing agent and are transformed into colorless or 
slightly colored degradation products. This is a very convenient 
property as the reducing agent employed in the reduction of the 
vat color may be employed for the simultaneous degradation or 
discharge of the azo dyestuff with which the fabric has been 
previously dyed. Vat-color printing pastes for discharge print- 
ing necessarily contain a higher percentage of sodium sulphoxylate 
formaldehyde than printing pastes for direct printing as sufficient 
reducing agent is required to reduce the vat color and also dis- 
charge the azo-color ground shade. 

Since vat colors in their normal state are water-insoluble 
pigments, it has naturally occurred to dyestuff chemists that 
soluble derivatives would be of great value, provided of course 
that the original vat color could be easily regenerated. The 
solution of this problem was a remarkable feat in dyestuff chem- 
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istry and since 1922 a class of colors known as the indigosols or 
soluble vat colors has been available to the printer. The soluble 
vat colors are vat colors which have been converted in their re- 
duced state to sulphuric esters, products which are readily soluble 
in water. In principle the regeneration of the water-soluble vat 
color to the normal pigment form depends on acid hydrolysis and 
simultaneous oxidation. Since no reducing agent is employed in 
the application of the soluble vat colors, these products are 
employed principally for direct printing, although discharge 
styles are theoretically possible. The soluble vat colors may be 
printed on both vegetable and animal fibers. At the present time 
a very extensive use of these colors is in conjunction with the 
insoluble azo colors for printing women’s and children’s dress 
wear. This procedure will be more fully discussed in the following 


paragraphs. 
INSOLUBLE Azo CoLors 


The insoluble azo colors form a very important class of colors 
employed for the direct printing of cotton goods. They are gener- 
ally inferior to the vat colors in fastness properties but are more 
economical to use and therefore find a wide application par- 
ticularly for women’s dress goods. The range of shades is not 
entirely complete and the fastness properties in light shades or 
tints are not commercially satisfactory, but these deficiencies are 
obviated in a large measure by substituting the soluble vat colors 
in the pattern when this is necessary. 

The insoluble azo colors are applied in the form of inter- 
mediates, the color pigment being formed on and within the 
fiber by reaction between the intermediates. The basic reaction 
which produces these colors is the reaction between a diazotized 
aromatic amine and a naphthol. 

There are three general methods of applying the inter- 
mediates which produce the insoluble azo colors: 

(a) A thickened solution of a diazo salt is printed on a fabric 
which has been impregnated with a naphthol. 

(6) A mixture of a nitrosamine and a naphthol is printed on a 
white fabric. 

(c) A mixture of a diazoimino compound and a naphthol is 
printed on a white fabric. 

The first method mentioned is the original method devised for 
printing these colors and is the simplest from the chemical point 
of view. The cotton fabric to be printed is prepared or padded 
with an alkaline solution of a naphthol and dried. A printing 
paste is then prepared by dissolving a diazo salt, of which there 
are a number of standard brands on the market, in a neutral 
printing gum consisting usually of a mixture of starch and gum 
tragacanth. The diazo-salt printing paste is printed as soon as 
possible after preparation on the naphthol-prepared goods, the 
color being produced immediately on contact between the 
printing paste and the prepared fabric. After printing, the goods 
are dried and then soaped thoroughly to remove the excess naph- 
thol which was not utilized to form color. If desired the printed 
goods may be aged before soaping, a procedure which is beneficial 
when printing heavy shades. 

The nitrosamine method for producing insoluble azo colors is 
the result of the dyestuff chemist’s first efforts to develop a 
printing process by which the naphthol could be contained in 
the printing paste thus dispensing with the preparing or padding 
operation. This method is very successful, the limitation being 
principally that only a comparatively narrow range of colors is 
available. The nitrosamine is prepared by treating a diazo salt 
with caustic soda, a chemical rearrangement taking place and 
forming a compound which may be mixed with a naphthol in an 
alkaline solution without reaction to form the color. Mixtures 
of nitrosamines and naphthols are offered on the market in paste 
and powder form and are extensively used for producing orange, 
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red, and scarlet shades. The printing paste is prepared by simply 
dissolving the commercial nitrosamine mixture in a starch, gum- 
tragacanth thickener. After printing, the goods are dried and 
treated in a dilute acetic-acid bath, or aged in a steam atmosphere 
containing acetic-acid vapor or a mixture of acetic- and formic- 
acid vapors. In the presence of acid, the nitrosamine reverts to 
the diazo salt which reacts with the naphthol to form the azo 
color. After the color has been developed the goods are rinsed 
and soaped in the usual manner. 

The third or diazoimino method for producing insoluble azo 
colors on the fiber is a comparatively recent development and is 
very extensively used for printing this class of colors. A wide 
range of shades is available and mixtures of diazoimino com- 
pounds with naphthols are offered to the textile printer in both 
solution and powder form under a variety of trade names. 

The diazoimino process is the result of an enormous amount of 
research on an improvement over existing methods for applying 
these colors. The diazoimino compound is formed by the reaction 
of a diazo salt with a secondary amine, and is very stable in 
neutral or alkaline media but hydrolyzes very quickly in acid 
media regenerating the parent diazo salt. Diazoimino compounds 
may be mixed with a variety of naphthols, the mixtures being 
perfectly stable and showing no evidence of coupling, or color 
formation, as long as they are protected from acids. Exposure 
to acid vapors, however, quickly produces the azo color pigment. 

The printing paste is readily prepared by dissolving the 
diazoimino mixture in a slightly alkaline starch, gum-tragacanth 
thickener. After printing, the goods are dried and then aged for 
from 2 to 5 minutes in an acid ager. The acid ager is similar in 
construction to a vat-color ager except that it is made of acid- 
resistant materials, and provision is made for introducing acetic 
acid or a mixture of acetic and formic acids. The acids vaporize 
at the ager temperature and the acid vapors mixed with steam 
induce the coupling of the intermediates, which forms the azo 
color. After the goods have been aged, they are rinsed and 
soaped in the usual manner. 

It is often desirable to mix the soluble vat colors with the 
diazoimino colors to produce compound shades or to include the 
soluble vat colors in the same pattern with the azo colors, par- 
ticularly when light shades are to be printed. The soluble vat 
colors are also developed by acid hydrolysis, accompanied how- 
ever by oxidation. This is easily accomplished by adding an 
oxidizing agent such as sodium bichromate to the printing paste. 
The diazoimino color and the vat color are developed simultane- 
ously in the acid ager. 

Insoluble azo colors are only applied on white or undyed cotton 
fabrics and cannot be used for discharge printing. Although this 
is a serious limitation they are nevertheless employed for a very 
large percentage of the fabrics to be used for women’s wear. 


Basic CoLors 


The basic colors are extremely brilliant as a class but are in- 
ferior to vat colors and insoluble azo colors in general fastness 
properties. The basic colors are water-soluble salts of organic- 
dye bases, the acid used to form the salt being hydrochloric acid 
in many instances. The basic colors owe their name to the fact 
that the color-forming groups are contained in the basic con- 
stituent of the salt. 

The basic colors are quite extensively employed on cotton, 
rayon, wool, and silk as they yield brilliant shades of excellent 
tinctorial value. On cellulosic fibers it is necessary to print these 
colors with a mordant in order to obtain satisfactory fastness 
properties. The basic colors have considerable affinity for fibers 
of animal origin and are often printed on wool and silk without 4 
mordant. However, if maximum fastness is desired on these 
fibers a mordant should be employed. 
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Tannic acid is the mordant universally used with the basic 
colors. A printing paste is prepared containing the color, thicken- 
ing agent, tannic acid, and an organic acid, usually acetic acid. 
After printing, the goods are dried, and steamed for approxi- 
mately one hour. During the steaming, the basic color combines 
with the tannic acid to form a color lake which, however, is 
slightly soluble in water. The goods are then passed through a 
solution of tartar emetic which forms a double tannate of anti- 
mony and color, which is firmly fixed on the fiber and is water in- 
soluble. 

The application of the basic colors without a mordant follows 
the same general procedure, with the exception that tannic acid 
is omitted from the printing paste and the goods do not receive 
a tartar emetic after treatment. 

The basic colors are suitable for both direct and discharge 
printing as they are resistant to the reducing action of sodium 
sulphoxylate formaldehyde. They are economical to use on ac- 
count of their excellent tinctorial value and are currently employed 
for printing women’s dress goods, draperies, and cretonnes. 


CHROME CoLors 


The chrome colors or chrome mordant colors are acid in char- 
acter and have hydroxyl or carboxyl groups in their molecules 
which induce reaction between the color and metallic mordants 
to form lakes. Chromium acetate is generally employed as the 
mordant for these colors although other metallic salts such as iron, 
aluminum, and tin salts are used for special effects. The chrome 
colors are of great value for printing wool although there is very 
little wool printing carried out in this country. Although they 
may be applied on all types of fibers, their most extensive use in 
the domestic market is for printing draperies. Many patterns are 
printed with chrome colors in conjunction with the nitrosamine 
type of insoluble azo colors. Although the chrome colors as a 
class are not particularly bright, the fastness properties are in 
general very good. They are only suitable for direct printing as 
the printing paste is acid in character and therefore not compatible 
with sodium sulphoxylate formaldehyde. 

The chrome-color printing paste consists essentially of color, 
thickener, acetic or other organic acid, and chromium acetate. 
A mixture of starch and gum tragacanth is commonly employed 
as the thickening agent. After application of the printing paste, 
the printed goods are steamed for an hour or more, the insoluble 
metallic lake being formed during the steaming. The goods 
are then washed, soaped, and finished. 


Acip CoLors 


The acid colors are so called for the reason that they are usually 
applied from an acid medium. These colors are employed prac- 
tically exclusively on wool and silk, having no affinity for fibers 
of vegetable origin. A mordant is not required for their fixation 
as in the case of the basic and chrome colors. The acid colors 
consist principally of nitro compounds, azo compounds, and basic 
colors which have been sulphonated to impart acid characteristics. 

A typical acid-color printing paste is prepared by dissolving 
the color in warm water, then adding sufficient British gum to 
form a printing paste of suitable viscosity and bringing the whole 
to the boiling point. The paste is then cooled to room temperature 
and a small quantity of acetic acid or other organic acid added. 
The printed goods are steamed for approximately one hour to fix 
the colors on the fabric. After steaming, the goods are rinsed in 
water, soaped lightly, and finished. Silk materials are often 
printed without the addition of acid to the printing paste. 

Acid colors are generally employed for direct printing al- 
though a few members of the series are sufficiently resistant to 
reducing agents for discharge purposes. In discharge-printing 
pastes, the organic acid is replaced by glycerine or other hygro- 
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scopic agent. The quantity of sodium sulphoxylate formaldehyde 
employed should be carefully regulated, as a large excess has a 
deleterious effect on the acid color. 

Acid colors are extensively employed in the domestic market 
for printing pure and tin-weighted silk for women’s and children’s 
wear. 


PRINTING PASTES 


The physical and chemical characteristics of a printing paste 
are influenced to a very considerable extent by the starch or gum 
used as the thickening agent. The choice of a thickening agent 
for printing a particular color depends on a large number of 
factors, among which may be mentioned the following: 


Chemical compatibility with color to be printed 

Depth and style of engraving of printing roll 

Color yield and brilliancy of print 

Penetration of color to the reverse side of fabric 

Sharpness of design 

Levelness and uniformity of print 

Thickening value, or viscosity per unit weight 

Working or flowing properties in the color box of the print- 
ing machine 

Solubility, or ease of removal from fabric by detergents 

Type of fiber, and fabric construction 

Cost per yard of fabric printed 


Thickeners may be prepared in the color shop or purchased 
ready for use, a considerable number of prepared gums being 
available on the market which are sold under proprietary names. 
The commonly employed starches and gums, of which a few have 
been mentioned, have certain characteristics which serve as a 
guide to the color mixer for preparing thickeners in the color shop. 

The starches such as wheat starch, cornstarch, and tapioca 
starch produce prints of good tinctorial value and are extensively 
used for printing cotton fabrics. Starch pastes containing 12 to 
15 per cent of dry starch are of suitable viscosity for printing pur- 
poses. Starches adhere quite tenaciously to fabrics and it is 
necessary to soap the printed goods thoroughly in order to com- 
pletely remove the thickener. 

For printing silk and rayon fabrics it is advantageous to use very 
soluble gums, such as the dextrins or British gums. These 
products are readily soluble in cold water and may be easily re- 
moved from fabrics by a mild soaping. The dextrins and various 
grades of British gum are prepared from the starches by roasting 
or by treatment with dilute acids. British-gum pastes for print- 
ing purposes contain 40 to 50 per cent of the dry ingredients. It 
is common practice to mix starch and British gum together in 
various proportions in order to prepare thickeners for individual 
requirements. 

Gum tragacanth is a natural gum imported from Europe and 
Asia Minor. This gum has very marked thickening properties, 
a solution containing 4 to 6 per cent of the gum being of sufficient 
viscosity for printing. Gum tragacanth is extensively employed 
with starch or British gum, as it is readily removed from the 
fabric and is of value in obtaining penetration of color into the 
fiber. 

Gum Senegal and gum arabic are natural gums obtained from 
Africa and India. These gums are currently employed for print- 
ing silk and synthetic fibers as they yield brilliant shades and are 
easily removed by detergents. 

Karaya gum is similar to gum Senegal and gum arabic in 
printing characteristics but is more economical to employ. This 
gum differs from the previously mentioned gums in that solutions 
are prepared by heating the gum with water in an autoclave under 
pressure. 

Locust-bean gum is obtained from the seeds of the locust bean 
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or carob tree. The gum comes on the market in powder form and 
is made up into a thickener by carefully dispersing in cold water 
and then boiling the aqueous suspension until solution is obtained. 
Locust-bean gum may be employed as a substitute for gum traga- 
canth for printing certain colors. 

The colors and gums for textile printing which have been men- 
tioned cover only the procedures or styles which represent a 
considerable volume of the domestic trade. A comprehensive 
survey of the methods of printing in current use in this country 
would fill several volumes and would be of inestimable value to 
the textile trade. Such treatises on textile printing have been 
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published in England and Germany and it is suggested that some 
public-spirited citizen prepare a similar compilation for the 
United States. 

The future progress of textile printing calls for coordinated re- 
search on the part of the dyestuff manufacturers, the companies 
manufacturing gums, and textile assistants, and the textile-equip- 
ment organizations which design printing machines and auxiliary 
equipment. The combined efforts of all in close collaboration 
with the various printing plants are necessary to keep the print- 
ing industry in step with the accelerated activities in other fields 
of American business and industrial life. 
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Discussion 


Coal Washing and the Baum J ig’ 


T. O. Caruiste.? The author has made a splendid contribution 
to the art of coal cleaning. Since Baum first conceived his idea, 
it is interesting to note that over 350 units have been installed 
throughout the world. The writer believes that this coal-cleaning 
unit has been applied more universally than any other type, and 
that the economic reason forthe world-wide acceptance of the Baum 
jig is the recognized fact that over a periodof 15 or 20 years, whichis 
the average life of a jig, the cost of cleaning by this method is lower 
than by any other. The first cost of this jig is somewhat higher 
than that of other systems, but records of installations are avail- 
able where the units have been in constant use for over 30 years, and 
inany number of instances in Great Britain where units have been 
operating 20yearsormore. The experience of Link-Belt Company 
with this jig began in 1927 and the maintenance cost of installa- 
tions since that has been negligible. It might be well to mention 
that the first Baum jig on this continent was placed in operation 
in Nova Scotia in 1914 and is still in daily use. 

At the time the system was introduced in the United States, 
it was thought that the machine was fully developed to meet 
American conditions, but as is customary in development of new 
applications it was necessary to make a number of changes in the 
English design. 

The writer believes the most radical of these came about in 
connection with a plant installed in 1930 wherein it was desired to 
install a washer to retreat the rejects from a dry-cleaning plant 
which contained considerable recoverable coal. 

A few figures will indicate that this job was more difficult than 
might be imagined. Float-and-sink analysis showed that 60 per 
cent of the feed floated at 1.35 specific gravity, 10 per cent sank 
at 1.60, leaving 30 per cent between these two gravities. More- 
over, 20 per cent of the feed lay between 1.35 and 1.45 gravity. 
To meet the clean-coal-ash requirement, it was necessary to make 
the separation at 1.38 specific gravity, at which point the theoreti- 
cal recovery was 64 per cent. 

Thus, three separate difficulties had to be overcome, namely, 
Separation at an extremely low gravity, a feed with an unusually 
high reject, and a great amount of near-gravity material, that is, 
material whose gravity fell within 0.05 of the separating gravity. 
Any one of these factors presented sufficient difficulty in itself, 
but the combination of the three presented a real challenge. The 
writer was fully aware of the difficulties involved, but confidence 
in the Baum principle prompted us to undertake the job, even 
though it was pronounced impossible by some of our contempo- 
raries. 

The writer must say in all candor that the first results were not 
encouraging. It soon became apparent that when attempting 
Separation at such a low gravity, with so much near-gravity 
material, the lightest pulsion stroke sufficient to open the bed 
created velocities which resulted in confusion of the mass rather 
than stratification. 

Obviously, the solution was to produce a pulsion stroke that 
would open the bed to a state of complete mobility, and at the 
Same time reduce the velocity at top stroke to obtain a longer 


ri Published as paper MH-58-1, by George L. Arms, in the Novem- 
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? Assistant Chief Engineer, Coal Preparation Division, Link-Belt 
Company, Chicago, Il. 


period of settlement in relatively still water. As the author 
pointed out, this is the key to high efficiency in wasbing. 

Various devices were considered and abandoned before the prob- 
lem was solved by the introduction of expansion chambers. 
These consist of small receivers placed between the air range and 
the piston valves with regulating valves above and below them. 
The upper valves are opened just wide enough to permit a restricted 
flow of air. The lower valves are set as required to obtain a proper 
stroke. Asa result, the air in the expansion chambers is partially 
exhausted before the pulsion stroke is completed. This imparts 
a quick initial lift to the bed, followed by a slower upward motion 
which is controlled by the restricted flow of air through the par- 
tially closed upper valves. The effect of these expansion cham- 
bers in this case was startling. 

Without them, a yield of 45 per cent with a feed of 33 tons per 
hr have been produced. After their installation, the feed was 
increased to 48 tons per hr and the yield to 59 per cent. Bear 
in mind that the clean coal produced was for metallurgical use 
and the ash could not exceed 7 per cent. This was produced from a 
feed of the unusual characteristics described previously by the 
writer. Analysis of these figures shows that 5 per cent of the 
recoverable material at 1.38 specific gravity was still being lost, 
but since this contained 9 per cent ash it was obviously only the 
poorest quality of coal. 

Since 1930, expansion chambers have been furnished on all 
Link-Belt washers as standard equipment, and their value in 
widening the field of application of this unit has been amply 
demonstrated. Out of 40 units in operation today, four are 
handling rejects from various other systems for further recovery 
of clean coal. One plant in particular is handling rejects during 
the day and screenings of an entirely different character at night 
with no change in adjustments required. The economies of such 
a setup in handling high tonnages has interesting possibilities and 
will, the writer believes, be more fully explored in the future. 


Coal Preparation by the Air-Sand 
Process’ 


Daviv R. MircHetu.? Water in coal for most purposes must 
be considered as an impurity. Its removal in most cases pre- 
sents as many technical problems as removing incombustible 
rock and mineral impurities. In most of the methods used for 
cleaning coal, water is used as the separating medium with the 
result that although the coal, as mined, is dry, considerable water 
is retained in the cleaned product after passing through the 
washing plant. This may amount to as much as 25 per cent for 
the small sizes and must be reduced by draining, filtering, or heat 
drying before the coal is shipped to market. Each per cent of 
water in coal is estimated by engineers to be equivalent to 0.7 per 
cent of ash in reducing the value of a given coal to the ultimate 
consumer. Considered from an economic standpoint, the re- 
moval of extraneous water is therefore of great importance. 

One of the dreams of the coal-preparation engineer in the past 
has been the development of coal-cleaning processes that would 
clean coal in the dry state, and at the same time be as efficient 


1 Published as paper MH-58-2, by Thomas Fraser, in the Novem- 
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and of as low cost as the older methods using water. Attempts 
to use air were made as early as 1850 and a number of proc- 
esses devised were not very successful. First successful dry 
plants for cleaning coal were purely an American contribution to 
the art of coal cleaning and began about 1919. The develop- 
ment of the air-sand process by the author is a distinct forward 
step. Data presented in this paper show the process to be effi- 
cient and to have operating costs as low or lower than many wet- 
washing plants. 

It should also be pointed out that the cost of 7 to 8 cents a ton 
given by the author is probably the total plant cost, and that the 
actual cleaning cost is probably only about 20 per cent of this 
item. The other 80 per cent is made up of such items as convey- 
ing, screening, and loading which would be more or less necessary 
whether the coal was cleaned or not. 


M. A. Kenpauu.* The air-sand process is a comparatively 
new development in coal cleaning, the first commercial installa- 
tion being made at Cadogan, Pa., in 1930, by the Hydrotator 
Company. In spite of the depression, this company installed 
five air-sand plants for cleaning coal. The company with which 
the writer is associated furnished the equipment for these plants, 
and in 1935 took over the exclusive sale of this process and built 
a 200-ton per hr plant at Lundale, W. Va. 

Mechanical problems involved in these plants have been taken 
care of by adapting conventional material-handling units. The 
separator boxes and the desanding screens are the only special 
machines which have been developed to carry out this process. 
Circulation of sand does not entail the serious maintenance cost 
originally anticipated, and it has been concluded that dry sand 
mixed with small percentages of coal dust can be handled without 
serious wear on chutes and conveyors, if abrupt turns and ob- 
structions which might cause concentrated abrasion are avoided 
in plant design. For example, it has been found that No. 10 
gage Salem elevator buckets, which were installed in 1930 and 
which have operated normally since that time, are still in good 
condition without replacements. 

For desanding the end-products of the large separator boxes, 
vibrator screens much wider than were commonly used for gen- 
eral screening practice had to be developed. Incidentally, this has 
led into the development of large vibrators up to 12 ft wide 
suitable for handling large tonnages of screen feed. 

It has been found that the most effective means of maintaining 
uniformly good performance in the air-sand process is the com- 
plete conditioning of the sand and the establishment of perfectly 
controlled circulation of the sand-cleaning medium independent 
of the coal-handling system. The operation of the air-sand 
cleaning process has been continually improved since the first 
plant was installed in 1930, and while a large portion of the 
cleaned-coal production is now prepared by systems employing 
water, yet the newer dry methods have important fundamental 
advantages that are obvious in the elimination of water. The 
aerated sand liquid used as the separating agent in the air-sand 
process functions effectively when properly controlled and ob- 
tains these advantages of dry operation. 


AvurTHor’s CLOSURE 


The objectives in the development of dry processes for clean- 
ing coal must be obvious to any who are familiar with the coal 
business. Dry operation has two basic advantages: First, that 
it does not wet the coal; second, that it avoids a group of ac- 
cessory plant-operating problems and costs involved in obtaining 
a water supply, reclaiming and clarifying it after use, preventing 
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pollution of streams, and guarding against freezing of plant and 
product in winter. 

The art of coal cleaning has undoubtedly reached a stage where 
any one of several effective processes may be adopted with con- 
fidence that an ash and sulphur reduction will be obtained that 
is close enough to perfect gravity separation to leave but little 
to wrangle over in so far as relative technological efficiencies are 
concerned. Choice then becomes primarily a matter of facility 
of operation and relative costs. I believe that the aim of the 
promoters of dry cleaning is to attain or approach that high degree 
of separating efficiency combined with the obvious advantages of 
dry operation. We believe that we have developed in the air- 
sand method a process comparing favorably in performance with 
the best washing methods. Since the paper under discussion was 
prepared, a new type of equipment for practicing the air-sand 
method has substantially increased the through-put per foot of 
separator width. This improvement, of course, has a direct re- 
lation to economy of operation. This new method of operation 
consists essentially in maintaining a rapid stream-flow action in 
the separator box, with uniform sand depth and uniform fluidity 
of the sand medium from end toend. This condition is conducive 
to rapid flow of the coal load through the box and also to rapid and 
effective gravity separation. 


The Rheolaveur Coal-Cleaning 
Process’ 


Byron M. Birp.?- The author has covered in an admirable 
manner the importance of avoiding large fluctuations in the ash 
content of cleaned coal; the writer concurs entirely with his ob- 
servations. If one must choose between the low ash content and 
a uniform ash content, he should choose the latter, because it is 
much the more important. The writer believes this to be equally 
true whether the coal is to be used in a large steam plant or in a 
by-product plant preparing coke for the blast furnace. In either 
of these instances provision can be made for the efficient utiliza- 
tion of coal or coke of moderately high ash content, but it is of the 
greatest importance after operating conditions have been estab- 
lished that they should not be disturbed at frequent intervals. 
It certainly involves no recondite reasoning to see that a large sys- 
tem can not be changed every few minutes or even every few 
hours to take care of fluctuations in the quality of the coal or the 
coke. 

In discussing this problem the author has called attention to the 
réle of the large circulating loads of the Rheolaveur in maintain- 
ing a uniform cleaned coal. But he has not mentioned another 
item that the writer regards as of greater importance in most 
plants than the circulating load, and that is the bed of material 
that commonly accumulates on the bottoms of the launder. 
Fig. 1 of the paper shows all of the material in the launder as mov- 
ing along the bottom. The writer’s observation has been that 
this condition is relatively uncommon. Between refuse draws 
most launders have what, for want of a better term, the writer shall 
calla “static” bed. This forms the effective bottom of the laun- 
der, and the stratification occurring in the stream takes place 00 
top of this bed. As long as the character and the tonnage of the 
feed and the horizontal velocities of the water are unchanged, this 
bed remains fixed. 

Perhaps the writer can clarify this point somewhat by consider- 
ing for a moment a simple launder with no refuse pockets in the 
bottom. Let us start with a condition in vcnich the launder is 


1 Published as paper MH-58-3, by John Griffen, in the November, 
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DISCUSSION 


sloped sufficiently for all of the materials to move along with the 
water, that is, the condition shown in Fig. 1 of the paper, and 
let us gradually decrease the inclination. After a time a point 
will be reached at which some materials deposit from the moving 
stream. Once equilibrium is established between the materials 
transported by the stream and those comprising the static bed, 
the top of this bed will take a definite slope. The angle between 
the top of this bed and the horizontal, when neither erosion nor 
deposition takes place, has been termed by hydraulic engineers 
“competent slope.” As long as conditions remain constant, this 
bed is fixed. If we introduce refuse pockets into the bottom of 
the launder and start withdrawing portions of the bed, a selective 
deposition from the flowing stream takes place over each pocket 
in which materials mainly of the highest specific gravity are de- 
posited. If a given pocket is operated to draw a comparatively 
high tonnage in relation to its area, a high percentage of coal may 
be deposited from the stream along with the refuse and the compe- 
tent slope of the bed ahead of the given pocket may undergo some 
change. However, the most important factors governing the 
static bed are the character and tonnage of the feed to the launder 
and the horizontal velocity of the water. 

In Rheolaveur plants it is common practice to operate the 
launders at angles to the horizontal less than competent slope so 
that static beds form along the bottom. The beds so formed have 
a very important effect upon the capacity of the system to absorb 
variations in the feed. If the tonnage is increased, all other con- 
ditions remaining the same, the static beds become steeper and, 
hence, thicker. In this manner the launder can absorb a rather 
marked fluctuation in the tonnage without readjustment. Simi- 
larly, if there is a peak point during which the percentage of refuse 
in the feed is high, the static bed will build up between the refuse 
draws in the establishment of a new competent slope. This 
change within the launder is sufficient to take care of a rather pro- 
nounced fluctuation in the character of the feed. If the percent- 
age of refuse drops unusually low, the reverse happens and the 
stream erodes a part of the static bed. Thus, the static bed is an 
important factor in stabilizing a Rheolaveur system. 


Davin R. Mitcueu.’ It is not only desirable that coal should 
be low in ash, sulphur, and other impurities, but it should also 
be uniform as to the amount of impurities present in successive 
shipments. Steam plants can be designed and constructed to 
burn efficiently coal containing high percentages of ash. However, 
if consignments vary widely in ash content, the cost of producing 
steam rises because the morale of the personnel of the boiler room 
tends to be lowered, and it becomes increasingly hard to obtain 
efficient operation. 

Very little information is available in the technical literature on 
the uniformity of the product from coal-preparation plants. An- 
alyses of samples taken in the mine are not representative of the 
quality of the coal shipped and purchasing agents are continually 
confronted with the problem of determining the quality of the 
coal as it arrives at the consuming plant. Also, they are faced 
with the problem of evaluating coal upon which bids are received. 
Will the coal from the various mining companies fluctuate widely 
from the bid analysis or will the purchaser be able to say that it 
is probable that certain coals will show little variation from the 
bid analysis because of the preparation given the coal at the mine? 
Certainly of two coals of the same ash content, the one that fluctu- 
ates the least from the average will be the best to buy. Cogni- 
zance must be taken of the fact that in one case variations in ship- 
ments will show variations in ash content of the average plus or 
minus 5 per cent; while coal from the same district and coal bed 
may only show variations of the order of plus or minus 0.5 per 


* Assistant Professor of Mining and Metallurgical Engineering, 
University of Illinois, Urbana, Ill. 
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cent because of the preparation given the coal. A boiler plant 
cannot be expected to operate at maximum efficiency when the 
coal furnished one day analyzes 15 per cent ash and the next day 
only 5 per cent. 

The writer believes that the author has made a real contribution 
to the literature on coal cleaning by showing from actual prepara- 
tion-plant studies the remarkable uniformity of cleaned coal over 
uncleaned, and specifically on coal cleaned by the Rheolaveur proc- 
ess. Thisshould be of immense value to purchasing agents; tech- 
nical literature contains very little information of this kind. In 
fact, for the great number of processes used for cleaning coal very 
little reliable operating information is available at all, except 
possibly those plants in operation in the Pennsylvania anthracite- 
coal fields. 

The first Rheolaveur plant in the United States was erected in 
1926. This and succeeding plants were so successful in cleaning 
coal to a low and uniform impurity content at low cost, that a con- 
sistent and steady growth in the use of this process has taken 
place. 

The author gives the impression that the skewness of ash-fusion 
analysis is always on the minus side. Is it not true that this 
condition probably exists for coal in which the cleaned coal is 
higher in ash - fusion temperature than the uncleaned? Also to 
express variability he uses graphic methods and mathematical 
calculations, presumably the Standard or Peter’s equation for 
probable error. Modern statisticians seem to favor expressing re- 
sults in terms of standard deviation rather than probable error. 
Is there any particular advantage in a study of coal variability if 
results are expressed in terms of probable error rather than stand- 
ard deviation? 

Also, it might be mentioned that many coal-mining companies 
take enough penalties, on a few shipments of raw coal that run 
to high ash, to more than pay for cleaning the entire output. Fur- 
ther, it might be added that if the preparation plant has poor fa- 
cilities for screening, conveying, mixing, loading, and otherwise 
handling the coal after it is cleaned, much of the desirable features 
of cleaning may be negative. It is just as desirable that coal 
arrive at the consuming plant uniform as to size and size distri- 
bution as that it be of uniform and low impurity content. 


J. W. Srewart.‘ In his description of the performance of 
the Rheolaveur plant A, cleaning coal from an Illinois strip mine, 
the author refers to Table 2 of the paper and points out, with ref- 
erence to the duff size (1/,-in. to 0-in. coal sizes) that: “It is inter- 
_esting to note that this smallest size is cleaned to the lowest aver- 
ageashcontent....”’ This is quite true, but it might be questioned 
whether there was any noticeable improvement in the finer 
sizes of this range, say finer than 65 mesh. Seyler® says that 
in his experience, when using the Rheolaveur process in cleaning 
coal from the Pittsburgh seam of Pennsylvania, he has failed to 
find noticeable improvements effected upon coal finer than 100 
mesh in size. Walle and Woody‘ report that in washing a creta- 
ceous coal from the Trinidad region of Colorado, they found 
that it was unprofitable to attempt cleaning the portion finer 
than 48 mesh. 


(The discussion which follows was presented jointly with the 
discussion of the paper by George L. Arms.”) 


‘ Assistant Professor of Mining Engineering, Pennsylvania State 
College, State College, Pa. 

§**Washing Coal for Coking Purposes at Clairton By-Product 
Coke Works,”’ by H. W. Seyler, Coal Age, vol. 38, June, 1933, p. 192. 

6 **Metallurgical Coal Washing Plant of American Smelting and 
Refining Company at Cokedale, Colorado,’’ by M. Walle and G. V. 
Woody, Mining Congress Journal, vol. 13, March, 1927, p. 198. 

7**Coal Washing and the Baum Jig,” by George L. Arms, Trans. 
A.S.M.E., vol. 58, November, 1936, paper MH-58-1, pp. 697-699. 
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Henry F. Hesiey.* Papers on the subject of coal preparation 
are most timely because the subject is of great importance. 
There should be closer cooperation between the engineers who 
actually use the fuel and the engineers who prepare it for use. Al- 
though tangible results have been attained through the coopera- 
tion of the A.S.M.E.-A.I.M.E. Joint Committee on Fuel Evalua- 
tion, the subject should be made more familiar to all members 
of the societies. 

Coal should be prepared from the utilization point of view. 
The requirements for metallurgical coal may not be the same as 
for steam generation, gas generation, or the ceramic industry; 
and it is these requirements which should be stated by the me- 
chanical engineer in order that the most suitable preparation will 
be attained. 

Coal preparation, in the larger sense, includes cleaning, sizing. 
dust and moisture removal, and a host of auxiliaries incident to the 
main functions. For the most part, the separation of refuse ma- 
terial from coal is dependent on density differences between the 
materials, although such properties as the difference in friction 
coefficients, and the difference in resiliency form the bases of cer- 
tain coal-cleaning equipment. Water is the medium in many 
systems, chief of which are the launder, jigging, and concentrating 
tables. The use of chemicals or powdered solids in conjunction 
with water to increase the specific gravity yields a second class of 
machines which can properly be called “density liquid” machines. 
Dry-cleaning equipment is available, using air as the medium of 
separation, and it too can be arranged in the form of launders, 
jigs, and concentrating tables. 

No coal-cleaning apparatus yields coal with no ash, but the 
ash content can be materially reduced. More important, how- 
ever, than extremely low ash, is the uniformity of product turned 
out by the cleaning plant. Remembering that coal in its natural 
state is a heterogeneous mixture of ‘“coalified’’ wood which has 
been contaminated by dirt and clay, and that is further contami- 
nated by sand, clay, shale, and rock, during mining, any com- 
mercial treatment to which it is subjected which will improve 
the coal will still leave some variation between the different 
shipments of fuel. It is this lack of uniformity, or variation, 
which coal-preparation engineers are making every effort to over- 
come. 

Using the ash content of coal as the measure of a coal’s uni- 
formity, it is common procedure to express results in the “average 
ash.” Such a measure, as we well know, gives a very incomplete 
picture of the uniformity of a plant’s production. It is grati- 
fying to have the author’s data presented using the statistical 
method for reporting the measure of a plant’s production. The 
author’s curves show clearly the range, the central tendency, 
and the probable error; therefore, standard deviation can be 
obtained from his data. A study of the curves submitted shows 
how great is the improvement in the uniformity of the washed- 
coal product. 

A comparison of the uniformity of coals by specific gravities 
would be of great interest if available. For instance, if one were 
to take raw-coal samples and subject them to a density separa- 
tion at 1.55 specific gravity, and also take washed-coal samples 
and subject them to separation at the same density, would the 
ash of the raw coal floating be less uniform than the ash of the 
floating washed coal? 

The data presented in this paper bring up the question of 
correct sampling, and the interpretation of results. Until re- 
cently no great advance had been made in coal sampling since 
Bailey published his results.* Now, however, Morrow and 


8 Engineer in Charge of Coal Preparation, Commercial Testing & 
Engineering Company, Chicago, Ill. Mem. A.S.M.E. 

® “Accuracy in Sampling Coal,” by E. G. Bailey, Journal of Indus- 
rial and Engineering Chemistry, vol. 1, March, 1909, p. 161. 
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Procter,’ Kassel and Guy,'! Grunnell and Dunningham,' and 
Pearson! have all published excellent treatises on the subject. 
Articles on sampling and plant control have appeared in Me- 
chanical Engineering, and the A.S.T.M. Manual on the Presenta- 
tion of Data gives an excellent guide to those who wish to 
use this method. It is to be hoped that greater application will 
be made of this extremely useful tool for measuring the out- 
put of a plant. 

Coal which is laminated with carbonaceous shale and hay- 
ing a specific gravity between 1.30 and 1.60 (often called 
“bone coal” or “middlings’’) is difficult to separate from higher 
ash refuse because of the nearness of the respective gravities. 
When a large percentage of such material is present in a coal 
seam, the cleaning process is apt to be involved. Generally 
it calls for skimming off the clean coal and pure refuse, and then 
taking the difficult material and recirculating it for further treat- 
ment. Crushing the middlings may be adopted just prior to 
recirculating in order to release the laminated coal. Both the 
launder system and the Baum jig lend themselves to large capacity 
and difficult washing. The latter machine has been well de- 
scribed by Arms,’ and it represents the latest unit based on the 
Baum principle to be developed in this country. 

The dynamics of a jig washer are rather involved and there is 
not much information available on the subject. The relation of 
the acceleration of the water, on both the pulsating and suction 
stroke, to the air pressure, the influence of the “‘cushioning”’ effect 
of the air on the “back suction” during the suction stroke, the 
speed of flow of the material from inlet to outlet, and the length 
of jig box travel for separation, are all matters of importance, 
and further contributions covering these phases would be most 
helpful. (The following discussion was submitted jointly with 
the discussion of the paper by George L. Arms’ and the paper 
by Thomas Fraser.'*) 


C. W. Hunter.'® The writer gathers that these papers!7" are 
intended to constitute a symposium on coal-washing methods 
as practiced in the United States today. Therefore, it is sur- 
prising that no mention has been made of one of the major 
systems which is today cleaning nearly one half of the anthracite 
output, as well as being in operation in many plants in this 
country and abroad for cleaning bituminous coal, and which 
operates on a principle entirely different from those described. 
The writer refers to the Chance sand-flotation process, invented 
by an American engineer and developed under American condi- 
tions. 

The Chance sand-flotation process for the separation of coal and 
refuse is a straight flotation system. The flotation medium is 
secured by the suspension of sand in water and its specific 
gravity is proportional to the relative amounts of sand and 
water present. In practice, this is varied to suit the coal, usually 
within the range of 1.38 to 1.75 specific gravity. The coal sub- 


10 ‘Variables in Coal Sampling,” by J. B. Morrow and C. P. Proc- 
ter, Technical Publication No. 645-F-67, American Institute of Min- 
ing and Metallurgical Engineers, September, 1935. 

11 ‘Determining the Correct Weight of Sample in Coal Sampling,” 
by L. S. Kassel and T. W. Guy, Industrial and Engineering Chemistry, 
Analytical edition, vol. 7, no. 2, 1935. 

12 “Report on the Sampling of Small Fuel Up to 3 In. Embodying 
Some General Principles of Sampling,” by E. 8. Grunnell and A. C. 
Dunningham, Report No. 403, British Engineering Standards Asso- 
ciation, December, 1930. 

13 ‘Application of Statistical Methods to Industrial Standardiza- 
tion and Quality Control,’ by E. 8. Pearson, British Standards In- 
stitution, London, publication no. 600, November, 1935. 

14 ‘Coal Preparation by the Air-Sand Process,” by Thomas Fraser, 
Trans. A.S.M.E., vol. 58, November, 1936, paper MH-58-2, pp. 701- 
703. 

18 Vice-President, United Engineers & Constructors, Inc., Phila- 
delphia, Pa. Mem. A.S.M.E. 


i 
I 
i 
: 
3 
j 
i 
4 


und 
ct. 
M e- 
\ta- 

to 
will 


av- 
led 
her 
ies. 
ally 
hen 
to 
the 
rity 
de- 
the 


is 
1 of 
‘ion 
fect 
the 
gth 
nce, 
10st 
vith 
per 


DISCUSSION 


amavity agitator 
CONTROL VAL ves 


CHANCE CONE 


PET USE PUMP 


Gare 


CLEAN COAL 
| OEWATERING 


a 


peor 
= 


i . 


CHANCE SAND FLOTATION PROCESS 


Fig. 1 SecrionaL VIEW OF THE CHANCE SAND-FLOTATION PROCESS 


stance, which is lighter than the selected specific gravity of the 
medium, floats irrespective of its size or shape; the refuse which 
is heavier, sinks. The Chance process is, in fact, a plant scale 
application of the float-and-sink test (the standard laboratory 
method of festing coal separation), in which the costly heavy 
chemicals used in the laboratory to secure high specific gravities 
are replaced by sand and water, about the cheapest raw materials 
available. So accurately does the system separate the coal and 
refuse that records of active plants frequently show long periods of 
operation where the laboratory float-and-sink tests on the cleaned 
coal, made at the operating gravity, show an average of less than 
1 per cent of sink material; and float-and-sink tests at the same 
gravity on the refuse average less than 1.5 per cent of float 
material. Such a near approach to the theoretical is rarely found 
in any practical engineering process in any industry. 

The heart of the process is the Chance cone, of welded steel 
construction, in which a flotation medium of sand suspended in 
water is maintained at the specific gravity at which it is desired 
to separate the refuse from the coal. The sand is kept in sus- 
pension partly by mechanical agitation and partly by gently 
upward-flowing currents of water. The raw coal is introduced to 
the top of the cone at the surface of the fluid mass. The good 
coal, being of lower specific gravity, floats smoothly around the 
cone for about three fourths of its periphery and is discharged 
onto the desanding and dewatering screen, from which it passes 
to sizing screens and loading booms. 

A layer of sand-free water is provided on top of the fluid 
mass, through which the floating coal has to pass when it is 
discharged to the desanding and dewatering screen, and any 
particles of sand that may adhere to the coal are washed off. 
As a precautionary measure, additional clear water is sprayed 
onto the coal while it passes over the screen. The water carrying 
the sand which is washed off the coal passes through a flume to 
the main sand sump—another steel cone set at a lower elevation. 

All material in the raw coal feed, which is heavier than the 
fluid mass, sinks through the mass to the bottom of the Chance 
cone and passes through an automatically operated gate into 
the refuse chamber. From the refuse chamber it is intermittently 
dropped through a second automatically operated gate onto the 
refuse desanding and dewatering screen and from there is con- 


veyed to refuse bin or cars. Such sand as may adhere to the 
refuse is washed off by means of the water discharged with it 
from the cone and by clear-water sprays over the screen. The 
sand and water from the refuse desanding screen pass into the 
refuse sand sump, a smaller steel cone, where it is picked up by a 
centrifugal sand pump and deposited in the flume leading from 
the coal desanding and dewatering screen to the main sand sump. 

The sand and water enter the main sand sump through a pipe 
extending well down into the sump. The clear water rises to the 
surface and overflows into the clear-water reservoir compartment, 
which surrounds the upper part of the sump while the sand 
settles to the bottom and is elevated as needed by a centrifugal 
sand pump to the top of the cone. The clear water is pumped 
from the clear-water reservoir and is delivered to the water- 
agitation manifolds leading to the cone and to the sprays. 

When required, make-up sand can be automatically admitted to 
the sand sump. The required specific gravity is maintained in the 
cone by regulating, either manually or automatically, the quantity 
of clear water admitted through the water-agitation manifolds to 
the cone. A cross section of a typical Chance bituminous in- 
stallation is shown in Fig. 1 of this discussion. 

The outstanding feature of the Chance process is the sharp 
cut that it makes between coal and refuse, which results in the 
lowest ash and sulphur content in the cleaned coal and minimum 
refuse losses; thus, the process is especially adapted to the pro- 
duction of metallurgical and by-product coals. 


AvutHor’s CLOSURE 


The author appreciates Mr. Bird’s calling attention to the regu- 
lating effect of the static beds in Rheolaveur launders. They 
undoubtedly have such a regulating effect, but the author’s ex- 
perience does not suggest that they are as effective as the circu- 
lating load which is termed “regulating material.’”” Without a 
doubt, these regulating features of the Rheolaveur process mini- 
mize the need of operator supervision and adjustment, and insure 
a high degree of uniformity in the quality of clean coal and refuse. 

Referring to D. R. Mitchell’s comments, it is probably true that 
the statement that ‘the skewness of ash-fusion temperatures is on 
the minus side” should be limited to coals which show a higher 
ash-fusion temperature when refuse is removed. Although such 
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a result is not universal, it is undoubtedly found with the majority 
of coals mined in the United States, even if the improvement is 
only slight. Regarding the use of probable error, rather than the 
standard deviation, the former was used because it has been used 
generally in the work on coal variability to which reference was 
made in the paper.! Further, the author thought that probable 
error might be more easily understood by those in the coal indus- 
try, that is, both producer and purchaser. 

J. W. Stewart’s comments on the cleaning of coal finer than 65 
mesh are true and apply with equal or greater force to all other 
types of equipment dependent upon specific-gravity separation. 
Such particles are less than 0.01 in. diameter, and differences in 
specific gravity become ineffective in overcoming the conditions 
inherent in their large surface area relative to their mass. Com- 
mercially this point does not seem important since this size usu- 
ally represents but 1 per cent of the mine output. However, the 
point to be emphasized is that '/,;in. to 48-mesh coal had been 
cleaned so well by the Rheolaveur process that when shipped it 
showed the lowest average ash content and variability. This isa 
condition which will not be found generally in the product from 
other cleaning equipment and certainly not when a wide-size- 
range coal, such as 4-in. to 48-mesh sizes, is handled in one unit. 
Under such a condition, cleaning efficiency will usually drop very 
low on coal smaller than 1/3 in., which is sufficient in quantity to 
have definite commercial significance. 

H. F. Hebley raises an interesting point regarding the relative 
uniformity of washed coal and the raw coal floating at some grav- 
ity like 1.55. The following will answer this question: 

Plant F is operating on coal from the Pittsburgh seam and con- 
sists of a coarse-coal Rheo unit similar to that shown in Fig. 2 of 
the paper, but to which was added a crusher, a third final rewash 
launder, and a fine-coal Rheo unit similar to that shown in Fig. 4 
of the paper. The refuse from the unit similar to that shown in 
Fig. 2 is crushed to pass 1'/,-in. screens and is recleaned in the 
final rewash launder. All the °/is-in. to 0-in. material is given a 
final cleaning in the fine-coal Rheo unit. All the slurry is re- 
covered by a Dorr thickener and filters, and is then added to the 
washed coal. 

The run-of-mine coal is placed in a 5000-ton blending bin, 
divided into compartments, from which it is drawn at the rate of 
650 to 700 tons perhr. It is then crushed to pass 4-in. screens and 
is delivered to the cleaning plant. The blending bin materially 
reduces the variability of the raw coal fed to the washing plant. 
The variability data are given in Table 1 of this discussion. 


TABLE 1 VARIABILITY OF ASH AND SULPHUR CONTENT OF 
4-IN. TO 0-IN. RAW AND CLEANED COAL FROM THE 
PITTSBURGH SEAM, PLANT F 


Raw coal 


Floating at 
1.55 specific Cleaned 
Total gravity coal 


Number of days sampled........... 351 116 353 
Number of increments per day...... 16 16 32 
Weight of each increment, lb...... . 375 375 375 
Ash, dry Seat per cent: 


Proba Te 0.3890 0.1870 0.1570 
Sulphur, dry yen ow cent: 

Average. . 1.6165 1.2100 1.2570 

Probable error.................. 0.0818 0.0314 0.0440 


The Effect of Installation on the 
Coefficients of Venturi Meters’ 


Rosert W. Ancus.? It is now almost universal practice 
to use the venturi meter to measure the discharge from pumps. 


1 Published as paper HY D-58-6, by W.S. Pardoe, in the November 
1936, issue of the A.S.M.E. Transactions. 

2 Professor of Mechanical Engineering, University of Toronto, 
Toronto, Canada. Mem. A.S.M.E. 
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In many acceptance tests conducted by the writer, the venturi 
meter, and the coefficients already reported by Professor Pardoe, 
were used exclusively for measuring pump discharges. 

In all the installations examined by the writer the tubes have 
been placed in a straight line of pipe ten or twelve diameters 
from any elbows or changes of section, and as he read the paper 
he wondered why anyone would expect satisfactory results from 
many of the settings shown in the paper. The writer made a 
careful series of experiments to determine the errors possible 
in pressure measurement and believes that part of the error 
found in the meter is due to an incorrect pressure indication on 
the upstream side. 

The tubes used by Professor Pardoe had the pressure openings 
properly made and were not near lumps or projections in the 
pipe, as the latter have been found to give pressures differing 
from the true pressures by the velocity head in the pipe. 

The theory indicated by the author assumes, as shown in 
Fig. 3 of the paper, an elliptic velocity distribution. This is 
open to some question. He has also introduced a term a for 


the purpose of correcting the velocity head for the irregular 


velocity distribution. Undoubtedly, some correction is necessary 
because the velocity used in the Bernoulli equation is the quotient 
of the discharge divided by the area, whereas the velocity head 
depends on the square of the velocity, and hence on the average 
of the velocity squared of the several particles. The writer, 
however, believes that a more helpful method is to throw all 
of these irregularities into the resistance head and make it 
account for the inaccuracy of the Bernoulli equation. This 
conception is simple and makes the solution of problems easy. 

To adopt this method with the author’s equations, starting 
with Equation [2] of the paper 


V;? 
29 29 


one can write a = 1 + 8 and 8(Vi2/2g) = B(d2/d,)4(V22/2g) and 


Equation [2] of the paper becomes 


V;? V;? V2? 


and Equation [14] of the paper would then be written 
1 


or treating the term [k — 8(d,/d,)*] as the part commonly in- 
cluded in resistance and writing it as a coefficient of resistance 
c, there results 


Vz= 


1 
V [1 = + 


Experiments on the tubes may then be used to obtain the 
coefficient c, for the reducing cone, and these coefficients may 
be used in computing the value of the coefficient C given in 
Equation [1] of the paper. This method applied to the 11.956 x 
8.2285-in. meter with a coefficient C of 0.982, as given in Table | 
of the paper, gives c, = 0.0287. For the 7.81 xX 5.0046-in. 
meter, c, = 0.0221. On the 8.06 X 3.3759-in. meter, the result- 
ing c, = 0.0196 which also appears to be consistent. For 4 
value of c, = 0.022, the resulting value of the coefficient C is 
0.9844, differing by only 0.56 per cent from the measured value. 


[29(P: — P;)]....-. [3] 


Ronatp B. Smrru.* The author’s experiments on the in- 


3 Turbine Engineering Department, Westinghouse Electric & 
Manufacturing Company, South Philadelphia Works, Philadelphia, 
Pa. Jun. A.S.M.E. 
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fluence of the velocity profile at the entrance to a venturi meter 
on the discharge coefficient of the tube offers the possibility of 
interpreting the effect of roughness in the approach pipe. For 
some years it has been recognized that upstream roughness 
increased the discharge coefficient of a primary element. With 
perfectly smooth pipes, the velocity profile in the region of 
turbulent flow is rectilinear with the exception of the boundary 
layer, and corresponds essentially to the condition the author 
prefers to describe as “shooting flow.’’ Increased roughness 
tends, by virtue of the added shearing stresses, to peak the 
velocity profile. Under normal conditions the roughness effect 
would hardly ever produce a relative profile change as marked 
as the comparison between Figs. 11 and 9 of the paper. Quali- 
tatively, then, the effect of approach profile, summarized in 
Fig. 4 of the paper, may be interpreted as marking the maximum 
effect of upstream roughness on the discharge coefficient of a 
venturi tube, and in view of their similarity, a nozzle as well. 
In this light the results are in accord with the experimental 
roughness corrections for nozzles specified by the V.D.I. Regeln, 
as indicated in Table 1 of this discussion. 


TABLE 1 COMPARISON OF V.D.I. AND PARDOE CORRECTION 
FACTORS 


Maximum correction given by V.D.I. for 2-in. 

Maximum correction for profile determined by 


The influence of helical flow on the discharge through primary 
elements has always been viewed with seriousness, yet the 
author’s experiments form, as far as the writer is aware, the 
first quantitative evidence of the effect. For that reason an 
analytical treatment may be of interest. 

Let us consider the effect in a pipe of a pure rotation super- 
imposed on a linear velocity. If the subscripts 1 and 2 corre- 
spond to the upstream and the throat positions, respectively, 
and the subscripts w and z denote the tangential and the axial 
components, respectively, the absolute velocity c may be repre- 
sented as 


The strength of the vortex remains constant, and its behavior 
is characterized by the relation 


where r is the radius and I the strength of the vortex. 
The energy relation may be written with sufficient accuracy 
in the form 


29 <9 Y <9 <9 
and the continuity relation as 


Denoting the area ratio of the venturi meter by m = (r2/r:),? 
and noting that 


cot a 


where @ is the vortex angle noted in Fig. 44 of the paper, we find 
that 


Pi— m 
For an axial flow without rotation the pressure drop is 


— 
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so that the effect of a superimposed vortex is to produce an 
apparent increase in the measured differential between the up- 
stream and the downstream pressure connections. 
The effect on the discharge coefficients may be represented by 
rearranging Equations [9] and [10] of this discussion in the form 
[11] 
[m/(1 + m) |cot? a) 
where ¢’ is the discharge coefficient with a helical flow and ¢ is 
the coefficient without rotation. For slight rotation or small 
m, the change is approximately 


1+m™ 


In Fig. 1 of this discussion are plotted the results shown in 
Fig. 44 of the paper as a function of the variable 1/+/[1 + (m/1 + 
m)cot? a]. The agreement is surprisingly good. 

At higher axial velocities the experimental coefficients ap- 
parently fall in a random fashion; however, this is not entirely 
unexpected because the strength of the vortex increases directly 
as the axial velocity. With high-strength vortices, the dis- 
continuity near the center as indicated by the relation cyr = 
constant may be quite severe. 
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Fie. 1 


In conclusion, Equation [11] of this discussion leads to an 
interesting result: The effect of helical flow like other flow dis- 
turbances is less severe with small area ratios. Perhaps the 
author can verify the theory. 


Ep S. Smrrn, Jr.‘ It is generally helpful to consider present 
works in the light of those preceding them, and therefore the 
writer will refer to previously published notes on the subject 
under discussion, some of which were published by the writer. 

The coefficient for the venturi meter was given in 1929 as 


R4‘—1 
C= 
— ab 
which may be rewritten as 


C 


\| 1 — | 
a; (d2/d)* + b(d2/d,) 


from which Equation [4] of the paper is derived if the assumption 
is made that there is uniform velocity distribution at the throat, 


4 Hydraulic Engineer, C. J. Tagliabue Manufacturing Company, 
Brooklyn, N. Y. 


Mem. A.S.M.E. 
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i.e., if a, is unity. The author’s unconventional use of the term 
“shooting flow” is objected to by the writer as misleading in 
view of the accepted use of the term in a different sense with 
open-channel flow. Would not the term “uniformly distributed 
flow” be more generally acceptable? 

Test results® published by the National Bureau of Standards in 
connection with air and gas meters bring out the fact that the 
velocity at the throat falls off near the walls in a manner that is 
intimately related to the value of the coefficient. With large 
(d,/d,)-ratio tubes the effect is far from negligible; in fact, with 
ratios over 0.75 the walls of the throat hardly affect the main 
flow enough to give a substantially uniform velocity distribution 
at the throat. 

In view of the present state of the art it seems unnecessary 
to resort to the assumption that the velocity distribution be 
treated as an ellipse. In this connection, J. F. Downie Smith*® 
and the writer’ have both given a more precise method where the 
velocity distribution is known. 

Like F. zur Nedden’s assumption® that variation of roughness 
does not appreciably affect eddy losses, the author’s assumption 
that variation of inlet velocity distribution does not appreciably 
affect the value of the friction factor k is of much use only as 
long as the section is contracting, which is where the author used 
it. In other words, this assumption should not be extended 
offhand to cover losses for the entire tube’ since a rougher inlet 
cone causes the flow to follow a more abruptly expanding dis- 
charge cone than with a smoother inlet. The venturi meter 
is so efficient that its loss can properly be determined only be- 
tween points of normal velocity distribution upstream and 
downstream of the tube. An abnormal velocity distribution 
upstream of the tube is likely to affect the loss seriously. Fig. 
44 of the paper agrees with other data known to the writer, both 
as to coefficient and loss, and differs with the last sentence on 
page 70 of the A.S.M.E. Fluid Meter Report, Part 1, third 
edition, 1931, which states that it is known that a strong initial 
twist may give a discharge coefficient greater than unity. How- 
ever, the losses in a relatively short expanding cone may be 
decreased considerably by giving the flow a twist that aids it 
to fill the diverging cone. 

Although the accuracy of the paper is high, the author would 
increase its usefulness if he would make a statement of (1) the 
value of the gravitational acceleration g that he actually used 
in his computations, (2) any effects of cavitation on the coeffi- 
cients presented, and (3) the roughness of the inlet and throat 
portions of the tubes tested and described as “‘venturi tubes of 
the Herschel type.” 


R. E. Sprenxue.!° The results obtained from the author’s 
experiments are quite interesting and worth-while in the applica- 
tion of venturi tubes to commercial metering problems. More 
information along similar lines not only about venturi meters, 
but every type of primary element in common use is sorely 
needed, and it is hoped more experimenters will contribute as 
effectively to the public fund of knowledge about installation 
conditions as has the author. 

Along this line, the writer wishes to call attention to a report 


5 “Discharge Coefficients of Square-Edged Orifices for Measuring 
the Flow of Air,” by H. S. Bean, E. Buckingham, and P. 8. Murphy, 
National Bureau of Standards Journal of Research, vol. 2, March, 1929. 

6 Discussion of ‘‘Air Flow in Fan-Discharge Ducts,” by L. S. 
Marks, A.S.M.E. Transactions, vol. 57, 1935, p. 347. 

7 Ibid., p. 348. 

8 ‘Induced Currents of Fluids,”’ by F. zur Nedden, Trans. A.S. 
C.E., vol. 80, 1916, p. 844. 

* “Hydraulics,’’ by R. L. Daugherty, McGraw-Hill Book Co., Inc., 
New York, N. Y. Third edition, p. 134. 

10 Mechanical Engineer, Bailey Meter Company, Cleveland, Ohio. 
Mem. A.S.M.E. 
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issued some two years ago, by the Hydraulic Institute of Munich, 
Germany, entitled “Influence of Bends Preceding Venturi 
Tubes,” by H. Mueller, in which valuable data also are presented 
on installation conditions. Mueller used 4-in. venturi meters 
of diameter ratios of approximately 25 per cent, 36 per cent, and 
50 percent. Calibrations were first made with 56 pipe diameters 
preceding the venturi so as to obtain the normal coefficient, 
just as the author has done in his work. Then the venturi in 
each case was moved up to immediately precede a 90-deg elbow 
and further tests were made. This installation simulated that 
illustrated in Fig. 24 of the paper. After tests had been made 
with this setup, the installation was again changed so as to 
have two 90-deg elbows at right angles to each other immediately 
ahead of the venturi, this being comparable to Fig. 32 of the 
paper. 

The results of all these tests showed that even the double-bend 
combination did not produce errors in the flow measurement 
greater than 0.25 per cent, the resulting coefficients also being 
low. Naturally the single elbow produced even smaller errors. 

Tests were also made with two diameters between both the 
single and double bends and the venturi inlet, with so small an 
error in each case as to be scarcely discernible. 

While these German experiments show somewhat smaller 
installation errors than Professor Pardoe’s, it must be remembered 
the German design of venturi tube is not quite the same as the 
American, in that the inlet section more nearly resembles a 
well-rounded flow nozzle in contour, which may in itself account 
for all the differences in results. At best, Professor Pardoe’s data 
and that of Mueller’s are sufficiently in agreement to warn the 
prospective user to stay as far away as possible from bends on 
the inlet side of a venturi meter if highly accurate results are 
to be expected. 


THE RouNDED-ENTRANCE VENTURI METER 


ALFRED E. Sorenson.'! The purpose of the writer’s dis- 
cussion is to show the effects of a different type of entrance 
section to a venturi meter, rather than the effects of installation. 
Fig. 2 of this discussion shows a 5 X 2!/2-in. venturi meter made 
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Fic. 2 Cross SEcTION OF THE ROUNDED-ENTRANCE 
METER 


VENTURI 


from brass castings and installed in the 5-in. discharge line of 4 
700-gpm pump. The venturi is installed 17 diameters down- 
stream from the nearest elbow, but, on the downstream side, 
a flanged cross is bolted directly to the meter so that the quantity 
of water flowing can be measured for three separate experiments. 
The converging section was machined to a template by hand 
tools and is made similar in proportions to a rounded-entrance 
orifice. Excellent design data for such nozzles have been giveD 
by Buckland.’* The diverging section is of the usual type with 
a 4-deg half angle. 


11 Assistant Professor of Mechanical Engineering, Princeton Unl- 
versity, Princeton, N. J. Mem. A.8.M.E. 

12 “F]uid-Meter Nozzles,” by B. O. Buckland, Trans. A.S.M.E., 
vol. 56, November, 1934, paper FSP-56-14, pp. 827-832. 
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There are two main advantages in using this type of entrance 
section: (1) The flow pattern at the throat should be more 
uniform than in the straight converging type and much less 
sensitive to the surface condition of the entrance section; and 
(2) there is a great saving in space required for the installation 
of the meter as well as the amount of metal required in making it. 
The obvious disadvantage is the care required in machining a 
section of this shape, but this is not serious. 

The pressures at the entrance and throat were measured by 
the writer on differential gages very similar to those used by 
the author in his experiments. Because the writer had no 
weighing tanks large enough for the quantity of water discharged 
by this meter, he measured the water volumetrically in a tank 
14 ft long, 4 ft wide, and 2'/; ft deep. This tank was previously 
calibrated by letting in water from a weighing tank above and 
noting the rise in level on a hook gage inside the tank. 
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Fic. 4 Meter Coerricients Versus REYNOLDS’ NUMBERS 


Fig. 3 of this discussion shows a curve in which the ordinates 
are the meter coefficients and the abscissas are the quantity 
discharged in cubic feet per second. The curve shows that the 
value of the discharge coefficient varies from 0.965 to 0.992, 
rising rapidly from the lowest quantity measurement of 0.08 
cfs to 0.3 efs, and then more gradually to the highest value at 
the maximum discharge of 1.6 cfs. These values were obtained 
by a graduate student in 1935 and checked by three other 
graduate students in 1936. 

In Fig. 4 of this discussion is given a comparison between the 
writer’s rounded-entrance meter and the conventional type. 
The dashed-line curve is for the 8.060 X 3.3759-in. bronze meter 
which the author used, and the solid line is for the writer’s meter. 
The writer used the author’s experimental results as given in 
Fig. 26 of the paper, because that particular test came closest 
to the conditions under which the writer’s meter was rated. In 
order to put both instruments on the same basis the coefficients 
have been plotted, in Fig. 4 of this discussion, against V x D 
(velocity diameter) which may be taken as the Reynolds 
number since the temperature of the water was held constant 
in both cases. In the meter having straight converging sides, 
the coefficient comes up to a maximum value and remains con- 
stant, but in the rounded-entrance venturi, the curve continues 
to rise. 

Attention should be called to the fact that some textbooks 
express the formula for the quantity discharged by a venturi 


meter in terms of the area at the entrance. Since the meter 
is much more sensitive to changes in area at the smallest section, 
the formula should always be given as a function of the throat 
area. 


AUTHOR’s CLOSURE 


Professor Angus points out quite correctly that there should be 
a length of at least 10 or 12 diameters of straight pipe before 
the meter; nevertheless, many installations must and are made 
under most unfavorable conditions. Figs. 5 and 6 of this dis- 
cussion give the test results obtained with the illustrated installa- 


Fie. 5 or a Test or a 7.810 X 5.005 X 12-IN. VENTURI 
METER 


(This setup is a one-third size model of an installation at the District of 
Columbia.) 


Fic.6 CoErrricrent AND Loss-or-HEAD CURVES FoR A 24 X 17!/2 X 
36-In. VENTURI METER 


(Special7piping arrangement of an installation at the District of Columbia. 
Results deduced from one-third size model.) 


tion which is a one-third size model of a large venturi meter at 
the District of Columbia. The straightening vanes shown 
effectively restored the normal coefficient in the model setup. 
The coefficient and the elliptical velocity distribution were used 
only to explain mathematically the difference between the normal 
coefficient and the coefficient for “shooting flow.” 

The author has always used C,, as suggested by Professor 
Angus, when the inlet traverse is normal, as it usually is. Quite 
recently, the author used this method in computing a set of 
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Fic. 7 Test or 8.060 X 3.3759-IN. Bronze VENTURI METER FOR 


INFLUENCE OF INSTALLATION 


Fig. 10 Test or 8.060 X 3.3759-IN. VENTURI METER FOR In- 
FLUENCE OF INSTALLATION 


Fic.8 Test or 8.060 X 3.3759-In. VentuRI METER FORINFLUENCE 11 Test or 8.060 X 3.3759-IN. Venturt METER For 


OF INSTALLATION 


Fie.9 Test or 8.060 X 3.3759-IN. VENTURI METER FOR INFLUENCE 


OF INSTALLATION 


FLUENCE OF INSTALLATION 


Fig. 12 Test or 7.810 X 5.0046-IN. VentuRI Merer For 
FLUENCE OF INSTALLATION 
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Fie. 13 Test or 7.810 5.0046-IN. VENTURI FoR IN- 
FLUENCE OF INSTALLATION 
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Fig. 15 Test or 7.810 5.0046-In. Ventrurr For IN- 
FLUENCE OF INSTALLATION 
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Fic. 14 Test or 7.810 
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coefficient curves for the A.S.M.E. Fluid Meters Report from 
coefficient curves of over 50 meters and finds that 


C, = 0.045/d,"-28 


for d,/d; = 0.5. In this equation d, is expressed in inches. 

R. B. Smith’s discussion of the effect of upstream roughness 
is most enlightening and his comparisons with the V.D.I. nozzle 
surprisingly confirmative. Anything which lowers the traverse 
coefficient (such as roughness, an elbow, or an enlarger) in- 
creases the coefficient of the venturi meter. Mr. Smith’s mathe- 
matical treatment of vortex flow is very conclusive; it checks 
the experimental work much closer than the experimenter could 
reasonably expect. At some time in the future, the author will 
check the following statement which appears in the last para- 
graph of Mr. Smith’s discussion: ‘The effect of helical flow, 
like other disturbances, is less severe with small ratios.”” An 
examination of Fig. 31 of the paper does not confirm this, but 
other factors enter and might control it. 

Ed 8. Smith is meticulous about the use of the term “shooting 
flow” and then uses the term “uniformly distributed flow.” 
Uniform flow means something entirely different. What is 
Meant is a traverse coefficient or pipe factor of unity at the main 
Section; it would seem entirely reasonable that as the ratio 


Fic. 16 Summary or Resutts SHown IN Fis. 7 To 15, INCLUSIVE 


d,/d, approaches unity, the throat traverse coefficient would be 
less than unity. 

The following answers are given the questions in the last 
paragraph of Ed S. Smith’s discussion: (1) The value of g used 
was 32.16, which is correct for the latitude of Philadelphia, Pa. 
(2) The pressure at the throat was at all times above the atmos- 
pheric pressure and therefore far above any possibility of cavita- 
tion. (3) The low-ratio meter was a smooth brass casting with 
a bituminous paint from the upstream flange to a short distance 
above the throat which is smooth finished. The high-ratio 
meter was made of smooth cast iron with a coating of aluminum 
paint; it was of the usual construction with a finished brass 
throat. 

Mr. Sprenkle mentions some tests by H. Mueller in which 
venturi meters were placed next to two 90-deg elbows in planes 
at right angles, such as shown in Fig. 31 of the paper, which 
resulted in a decrease in the coefficient of 0.25 per cent. This 


seems reasonable, but he also implies that when the meter was 
placed after a single 90-deg elbow it decreased the coefficient. 
Fig. 23 of the paper indicates the reverse effect. 

Professor Sorenson’s data on a 5 X 2'/;-in. venturi is of great 
interest since it gives a rising coefficient curve which of course 
suggests it would plot along with similar venturi meters in a 
satisfactory curve against Reynolds’ numbers. 


If this curve, 
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shown in Fig. 4 of this discussion, were continued, it would appear 
to go above unity, which seems unreasonable. The combined 
plots do not vary more than 0.5 per cent, which is very good. 

After preparing the paper, the author ran a series of experi- 
ments on the effectiveness of cross straightening vanes, the 
results of which are shown in Figs. 7 to 15, inclusive, and sum- 
marized in Fig. 16 of this discussion. It is evident from these 
figures that cross straightening vanes, four diameters long, will 
remove the effect of the vortex, but the effect of the low pipe 
coefficient is still present in the low-ratio meter up to three 
diameters. This is, of course, a great improvement over the 
ineffectiveness of straight pipe without straightening vanes, as 
shown in Fig. 31 of the paper. 


Modified I.S.A. Orifice With 
Free Discharge’ 


J. E. Curistiansen.? “End-cap” orifices possess certain 
definite advantages for making field tests on irrigation pumping 
plants especially for initial or acceptance tests, but heretofore their 
use has been limited by a lack of knowledge regarding correct coef- 
ficients to use. The first orifices of this type to be generally used 
for irrigation-pump testing were made and calibrated by manu- 
facturers of turbine pumps. Some of these orifices were made 
from cast aluminum and were calibrated and stamped with a 
constant K to be applied in the formula 


G = K AV 29H 


in which G = gallons per minute 
K = constant for a given orifice 
A = area of orifice in square inches 
H = head above center of orifice in inches 


The head on the orifice was determined by drilling and tapping a 
hole ({'/s in. or 1/, in. pipe size) in the side of the pipe, at least 2 ft 
from the end, into which a short nipple was screwed. A short 
piece of rubber tubing was slipped over this nipple and a piece of 
glass tubing inserted in the other end. The glass tubing could 
then be held in such a position that the free water surface was 
visible so that the height above the center of the orifice could be 
measured. 

Precise results were not expected from such measure- 
ments but it is doubtful if the magnitude of possible errors was 
recognized. Care was not always taken to remove the burr from 
the hole drilled for the piezometer connection, or to see that the 
nipple was set flush with the inside wall of the pipe. The orifice 
edges were sometimes rounded from pumping sand. 

For concentric pipe orifices the writer has always used the 


formula 
C\A V 29H 


1—(d/D) 


which is basically the same as for venturi tubes and nozzles. 
Available data on orifices indicated that the value of the coef- 
ficient C, remained practically constant for rather wide variations 
in the ratio d/D. The writer attempted to determine a probable 
value of C; from discharge curves for end-cap orifices published in 
a pump catalog, and from the constants K stamped on three 
orifices of different sizes. 

The coefficients C; computed from the discharge curves for 
12 orifices for casing varied from 0.597 to 0.664. Six of these 


1 Published as paper RP-51-1, by M. P. O’Brien and R. G. Fol- 
som, in the January, 1937, issue of the A.S.M.E. Transactions. 

* Assistant Irrigation Engineer, College of Agriculture, University 
of California, Davis, Calif. 
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orifices had ratios d/D varying from only 0.767 to 0.796; but the 
computed coefficients C; varied from 0.597 to 0.640. The coef- 
ficients computed from similar curves for five other orifices for 
standard pipe varied from 0.613 to 0.652, although the ratios d/D 
varied from only 0.770 to 0.783. The coefficients for three orifices 
for casing computed from values of K stamped on the orifices 
varied from 0.610 to 0.629, with the ratios d/D varying from only 
0.782 to 0.796. Although there was no correlation between 
these coefficients and the ratio d/D, there appeared to be some 
relation between the coefficients and the diameter of the orifices. 
All orifices with diameters less than 5 in. had coefficients of 0.626 
or more; and all orifices with diameters greater than 5 in. had 
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Fic. 1 Comparison oF THE AuTHORS’ Test Data WITH DirFERENT 
FORMULAS FOR THE COEFFICIENTS C AND C; 


coefficients of 0.629 or less. The highest coefficient 0.664 was for 
a 1*/-in. orifice with d/D = 0.1825. Obviously, reliable coef- 
ficients for orifices of various sizes and diameter ratios could not 
be obtained from this analysis. 

The writer has computed the values of C; corresponding to 
values of C as given by the formula 


C = 0.60 + 0.40 (d/D)* 


and also values of C corresponding to C; = 0.605. The relation- 
ships are given by the expressions 


C, = [0.60 + 0.40 (d/D)*] 1 — (4/D)* 
= 
V1—(d/D)* 


The comparison is shown graphically in the accompanying Fig. 
1. Values of C; corresponding to the authors’ average values of 
C for sharp-edged orifices and for pipe lengths of 19 diameters 
more, as given in Table 1, were also computed and are show® 
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in Fig. 1, which emphasizes the desirability of using diameter ra- 
tios less than 0.80. A constant value for C, would certainly not 
hold for higher ratios, although it agrees closely with the authors’ 
expression for C for diameter ratios less than 0.75. It would 
appear from this comparison that a value of C, = 0.605 fits the 
experimental data as well as the proposed formula for C. The 
writer believes that engineers generally will find it more con- 
venient to use a coefficient that is constant than one which 
varies with the diameter ratio. 


CLOSURE 


The authors are indebted to Mr. Christiansen for his brief 
historical notes regarding the use and development of free-dis- 
charge orifices. It was the uncertainty as to coefficients which 
led to the investigations reported by the authors.! 

The I.S.A. orifices and nozzles are constructed with corner 
taps to obviate the difficulties involved in drilling pressure taps, 
especially in the field. Both the orifice and holder, including the 
pressure slots, are constructed with shop accuracy and this ar- 
rangement is believed to increase the reproducibility and relia- 
bility of the results. 

Choice of the discharge equation is basically a matter of con- 
venience but there is an advantage in following previous work. 
The I.S.A. Standards mention only coefficients computed from 
the formula: Q = CAV/(2gh). The recent A.G.A.-A.S.M.E. 
report® bases the coefficient on the same formula for flange and 
pipe taps but uses the venturi formula for vena-contracta taps. 
As noted by Mr. Christiansen, the engineers who developed the 
“end-cap” orifice preferred the simpler form. The formula 0.60 
+.0.40 (d/D)*4 was mentioned because of its simplicity but is not 
as precise as an average line drawn through experimental points, 
especially at large diameter ratios. 

The authors failed to mention previously that the orifices and 
holders used in the tests reported in the paper were donated by 
the Byron Jackson Company. 


The Collection and Evaluation of 
Data for the Design of Steam- 
Generating Units’ 


H. Kretsincer.? Mr. Cross calls attention in his paper to 
the radiation error when the temperature of hot gases in a boiler 
setting is measured with a thermocouple, and states that the 
smaller the wire of the couple used in the measurements the closer 
is the measured temperature to the true temperature. 

This feature has been treated in a paper® which includes the 
results of numerous gas-temperature measurements with different 
sizes of thermocouples. These results show that small wire 
thermocouples give readings closer to the true temperature of 
gases than large couples, and that by the use of two or three 
couples of different wire sizes the true temperature can be ap- 
proximated by extrapolation to zero-diameter wire. The physical 
reason for this behavior is that, under the usual conditions of 
temperature measurements, the thermocouple receives heat from 
gases by convection and loses heat to the surrounding colder 
surfaces by radiation. The surface that receives heat by convec- 


* “History of Orifice Meters and the Calibration, Construction, 
and Operation of Orifices for Metering,” Joint A.G.A.-A.S.M.E. Report, 

e American Society of Mechanical Engineers, 29 West 39th 
Street, New York, N. Y., 1936. 

' Published as paper PRO-59-4, by B. J. Cross, in the February, 
1987, issue of the A.S.M.E. Transactions. 

. Engineer in charge research and development, Combustion Engi- 
neering Co., New York, N. Y. Mem. A.S.M.E. 

* “Radiation Error in Measuring Temperature of Gases,” by H. 
Kreisinger and J. F. Barclay, Trans. A.S.M.E., vol. 39, 1917, p. 107. 


tion is the surface of the gaseous film surrounding the hot junc- 
tion of the thermocouple wire, whereas the heat is radiated 
directly from the metal surface of the thermocouple wire. The 
thickness of the gaseous film around the thermocouple wire re- 
mains nearly the same no matter what the size of the thermo- 
couple wire, so that as the wire of the couple becomes smaller 
the surface of the couple giving up heat by radiation decreases 
faster than the surfaces of the gaseous film receiving heat by 
convection. As the diameter of the thermocouple wire approaches 
zero, the surface giving up heat by radiation also approaches zero 
but the surface of the gaseous film approaches a constant greater 
than zero. This relation is expressed by the equation 


C (T — (D + 24) = (T:4 — D 


Where 

C is a constant for any given set of conditions. 

T is temperature of gases 

T, is temperature of the hot junction of the couple 

T, is average temperature of the surfaces surrounding the 
stream of gases and receiving heat from the thermo- 
couple by radiation 

D is diameter of the hot junction wire of the couple 

d is thickness of gaseous film around the thermocouple wire. 


Gas Flow 


Slag Ribbon 
Fic. 1 


The left side of the equation is proportional to the heat im- 
parted to the hot junction by convection, and the right side is 
proportional to the heat lost by radiation. As D approaches zero, 
(7 — T;) also approaches zero; that is, 7, becomes equal to 7’. 

The method of using two or three thermocouples of different 
wire sizes for arriving at the true temperature of gases is applica- 
ble only for clean gases, or dusty gases at sufficiently low tem- 
perature so that the dust particles do not stick to the exposed hot 
junction of the thermocouple. With pulverized coal and probably 
with stoker firing there is so much ash and coke particle carried 
by the gases that the exposed hot junction of the couple becomes 
coated with slag in about three minutes when the temperature of 
gases is higher than 1800 F. The temperature indicated by the 
couple drops rapidly at first and becomes nearly constant at the 
end of three minutes’ exposure. The following readings taken 
at a point where the gases enter the boiler show the temperature 
drop during the first three minutes of exposure. 


Time after insertion Temperature, 
of couple deg F 
0 2370, 2355, 2325 
2250 
1 2235 
2175 
2 2175 
21/3 160 
3 2145 


At the end of three minutes the slag accumulation on the couple 
forms a ribbon about !/s in. wide in front of the thermocouple 
wire as shown in Fig. 1. The drop in temperature with the ac- 
cumulation of slag may be due to the following causes: 

(a) Slag keeps hot gases away from the wire, thereby reducing 
the heat imparted by the gases by convection 

(b) Slag screens the wire from receiving heat by radiation from 
hotter parts of the furnace and leaves the wire surface radiating 
heat to cooler boiler surface unchanged 

(c) Particles of coke which are deposited with ash on the 
couple burn, and the heat so generated raises the temperature of 
the couple immediately after the insertion of the couple. As the 
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slag ribbon on the couple becomes wider the particles of burning 
coke are farther away from the wire and are insulated from it by 
the slag already deposited, and the heat generated is dissipated 
in the gases. It takes only about 3 seconds for these coke par- 
ticles to burn completely after they are deposited. 

The high temperatures immediately after the insertion of the 
couple may be used as indication of the quantity of coke carried 
by the gases. If the quantity of coke is small the heat generated 
by the burning of the coke may compensate the heat lost by 
radiation and the reading may be very close to the true tempera- 
ture of the gases. If, however, the quantity of coke is large the 
temperature indicated by the couple is higher than that of the 
gases. This latter condition may prevail if the temperature 
measurement is made in the furnace nearer the burners where 
the combustion isfar from completion. Ordinarily the coal parti- 
cles stay in the furnace only one to two seconds. Those particles 
that stick to the thermocouple stay in the furnace long enough 
to be completely burned. 

If the explanation under (c) is correct the results of tempera- 
ture measurements in the furnace may be several hundred 
degrees higher than the true average temperature of gases. For 
this reason any temperature measurements in the furnace should 
be made as far from the burners as possible where the combustion 
is nearly completed in order that the error may be small. 

Temperatures after the superheater are usually too low for 
ash particles to stick to the couple, and the wire remains clean. 
The temperature measurements when taken with small couple 
are near the true temperature of gases. 

If the hot junction of the couple is made of wire 0.007 in. in 
diameter und the indicated temperature is 1200 F the true tem- 
perature is not over 1250 F and may be 1225 F. 

With clean gaseous fuels such as natural gas, the products of 
combustion are free from dust particles and the measurement of 
temperature is a comparatively simple problem. 

The preceding discussion shows that the measurements of 
temperature in boiler furnaces and settings require great care, 
and much judgment is needed in the interpretation of the results. 
The designer of the superheater must have fairly accurate data 
on the temperature of the products of combustion entering the 
superheater, and the rate of heat transfer if he is to design a super- 
heater giving the desired superheat within the limits of tolerance. 


AvutTHoR’s CLOSURE 


As Mr. Kreisinger points out, the greatest difficulty in the meas- 
urement of furnace temperature is due to the accumulation of 
slag on the hot junction of the couple. Such accumulation may 
cause low readings because of the insulating effect of the slag, or 
if there were unburned carbon in the furnace dust the first effect 
of the slagging may possibly be to cause a high reading for a short 
period due to the combustion of the carbon on the wire. 

Mr. Kreisinger presents a logical explanation on the effect of 
wire diameter in the measurement of gas temperatures in the 
presence of cooler surrounding surfaces. There can be no ques- 
tion but that the smaller the wire of the hot junction, the closer 
will be the measured temperature to the true temperature. For 
field measurements, when a large number of point temperatures 
must be measured, the wire should be of such size that it is not 
too fragile. It should also be possible to make up new junctions 
quickly by welding and to attach them by welding to the couple 
lead wire. These operations must be done in the field in a mini- 
mum of time and without dismounting the couple. Wire of 
0.007 in. diameter has been found suitable to these requirements. 

To one interested only in scientific accuracy, the measurement 
of temperature of furnace gases might appear to present insur- 
mountable difficulties. For purposes of control in furnace opera- 
tion and for design of boilers and superheaters, absolute accuracy 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


in the measurement of temperature is not essential. The opera- 
tor of boiler furnaces needs only a reference temperature, above 
which he may get into trouble from slag accumulation or slag 
erosion. The designer of heat-absorbing equipment needs a refer- 
ence temperature to which he can relate the performance of his 
equipment. Such reference temperature should always be meas- 
ured by the same method and in the same manner. While, in the 
measurement of this temperature, efforts should be made to ap- 
proach the true temperature as closely as possible, a consistent 
variation from the true temperature would not be serious. 


Performance of Lubricants Based on 
Diesel-Engine Service Conditions’ 


I. I. Sytvester.* The writer’s comments do not refer par- 
ticularly to the paper, but rather are an effort to develop some 
thought regarding the features of an analysis of a lubricating oil 
which should govern the length of its service. In this respect 
there does not appear to be any standard unit of measurement, 
either in hours or miles, which can be taken as a limit for the use 
of a lubricating oil. It is quite apparent that such a limit will 
vary greatly depending on the type of service, i.e., road or switch- 
ing service, wherein the limit is quoted in miles and hours, re- 
spectively. The Canadian National Railways obtain an average 
of approximately 14,000 miles per change of lubricating oil in 
rail cars from 200 to 400 hp. 

There appears to be a real need for determining the items in a 
lubricating-oil analysis which change with use, and for develop- 
ing standards which will indicate how much change will be toler- 
ated in these various items before it is necessary to remove the oil 
from the engine. Discussion or work along this line will certainly 
be of use to those deciding when the oil should be removed. 

In Table 2 of the paper, giving data on cylinder-liner wear, 
the measurements were taken from the top of the piston. It is 


_the practice on the Canadian National Railways, when measur- 


ing cylinder-liner wear, to record the wear at the point of the 
top-ring travel. In making comparisons as in the author’s Table 
2, it is important to record the wear of the cylinder liner at the 
top-ring travel point. Other measurements often mislead. 


T. B. Renpeu.* The writer agrees with the author regarding 
the effect of faulty or slow combustion of the fuel on the sludge 
formation of lubricating oil. When faced with a complaint of 
sludge formation or ring sticking due to supposedly faulty lubri- 
cating oil, it is the writer’s practice to examine the fuel oil at once 
to determine if it is at fault and causing poor combustion. In 
this connection, the writer has often wondered whether or not 
the type of lubricating oil which will prevent piston-ring sticking 
in a Diesel engine is just the opposite type of lubricating oil which 
will accomplish the same purpose in a gasoline engine. 

In the latter case we need an oil which resists sludge formation 
to the best possible degree. Such an oil, however, usually has 
no solvent power for sludge-like materials; and this solvent 
power is just what is needed in a Diesel engine to remove sludge 
formed by poor combustion of fuel and to prevent it from coking 
on and behind piston rings, causing themto stick. Whiletruethat 
such an oil would result in fairly large quantities of sludge in the 
main body of the crankcase, it could be dealt with there by 
efficient filters or, in extreme cases, by centrifuges. 


1 Published as paper OGP-59-3, by C. M. Larson, in the February, 
1937, issue of the A.S.M.E. Transactions. 

2 Special Engineer, Operating Department, Motive Power and 
Car Equipment Sections, Canadian National Railways, Montreal, 
Canada. 

3 Shell Petroleum Corporation, Shell Building, St. Louis, Mo. 
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Bending of an Infinite Beam on an 
Elastic Foundation 


By M. A. BIOT,1 CAMBRIDGE, MASS. 


The elementary theory of the bending of a beam on an 
elastic foundation is based on the assumption that the 
beam is resting on a continuously distributed set of 
springs,’ the stiffness of which is defined by a ‘‘modulus 
of the foundation” k. Very seldom, however, does it 
happen that the foundation is actually constituted this 
way. 

Generally, the foundation is an elastic continuum 
characterized by two elastic constants, a modulus of 
elasticity E, and a Poisson ratio ¥. The problem of the 
bending of a beam resting on such a foundation has been 
approached already by various authors.’ 

The author attempts to give in this paper a more exact 
solution of one aspect of this problem, i.e., the case of an 
infinite beam under a concentrated load. A notable 
difference exists between the results obtained from the 
assumptions of a two-dimensional foundation and of a 
three-dimensional foundation. 

Bending-moment and deflection curves for the two- 
dimensional case are shown in Figs. 4 and 5. A value 
of the modulus & is given for both cases by which the 
elementary theory can be used and leads to results which 
are fairly acceptable. These values depend on the stiff- 
ness of the beam and on the elasticity of the foundation.‘ 


APPROXIMATE THEORY 


N THE approximate theory it is assumed that the effect of 
the foundation is the same as that of a great number of small 
springs and therefore that the reaction of the foundation is 

proportional to the local deflection. A deflection w of the beam 
gives rise to a reaction of the foundation upon the beam of value 
q per unit length 


The coefficient k which has the dimension of a modulus of elas- 
ticity is called the ‘modulus of the foundation.” 


‘ Instructor in Applied Mechanics, Graduate School of Engineering, 
Harvard University. 

* Die Lehre von der ElastizitAt und Festigkeit, by E. Winkler, 
Prag, 1867, p. 182. 

“Die Berechnung des Eisenbahn Oberbaues,”’ by H. Zimmer- 
mann, Berlin, 1888. 

“Strength of Materials,” by S. Timoshenko, D. Van Nostrand 
bare vee New York, N. Y., 1934, vol. 2, pp. 401-407. 

* Uber den Balken auf Nachgiebiger Unterlage,” by K. Wieghardt, 
Zeitschrift fiir Angewandte Mathematik und Mechanik, vol. 2, no. 3, 
June, 1922, pp. 165-184. 

‘Zur Theorie elastische gelagerter Konstruktionen,” by W. 
Prager, Zeitschrift fir Angewandte Mathematik und Mechanik, vol. 7, 
no. 5, October, 1927, pp. 354-360. 

_‘ For a short abstract of this paper see ‘A Fourier-integral solu- 
tion of the problem of the bending under a concentrated load of an 
infinitely long beam resting on an elastic continuum,” by M. A. Biot, 
rg Fourth International Congress Applied Mechanics, 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until May 10, 1937, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


The differential equation of the deflection of a beam of stiff- 
ness E,] resting on such a foundation and under the action of a 
distributed load p(z) is 


It can be proved that if a concentrated load P acts upon an in- 
finitely long beam resting on such a foundation, the bending mo- 
ment M produced at a distance zr from the load P, when 
22 is 


x 
a 
M = 0.353Ple (os v2 sin 
wherel = (#4) is a “fundamental length’ 
E, = Young’s modulus of the beam 
I = moment of inertia of the cross section of the beam 


k = modulus of the foundation as given by Equation [1] 


We may also write 


with 
t 
= 0.353e v2 (oe — —sin [5) 


The maximum value of the bending moment occurs right under 
the load, that is, when z = 0. Therefore 


Muses [6] 


or 


wh 
Mmax = 0.353P = 0.353Pb (#2) [7] 


when xz 2 0, the deflection curve is given by 


w = 0.645 (coe + sin [8] 
We may also write 
PP 
with 
v(t) = 0.645¢ v? (cos + sin [10] 


A serious objection can be made to the simplifying assump- 
tions on which this elementary theory is based, because it is 
obvious that the reaction g of the foundation on the beam does 
not depend upon the local deflection w alone but is also a func- 
tion of all the other deflections of the foundation surface occur- 
ring at that moment. 


| 
= 
e 
t 
d‘w 
r- 
il 
it, 
il 
ge 
in 
a 
oil 
ily M = Ple (?) 
ar, : 
is 
ur- 
the 
ble 
jing 
dge 
- 
nce 
not 
sing 
tion ae 
has 
vent 3 
idge 
king 
that 
e by FF 
uary, 
and 
treal, 


A-2 


The elementary theory assumes the possibility of negative 
pressures between the foundation and the beam. These nega- 
tive pressures are generally small and the same assumption will 
be made in the following paragraphs. Moreover, it may be 
added that in practical cases the dead weight of the beam intro- 
duces a uniform positive pressure which may be of sufficient 
magnitude to prevent the actual occurrence of negative pressures 
on the foundation. 


BENDING OF AN INFINITE BEAM ON A Two-DIMENSIONAL 
FouNDATION 


Assume that the beam is resting on top of a wall infinitely 
high and long. The width of the wall has the value 2b and the 
beam is supposed to be in contact with the wall along the full 
width as shown in Fig. 1. This wall may be considered as a 
two-dimensional foundation. A concentrated load P acts on 


the beam. 


Fig. 1 


Sine-Wave Loading. We shall first disregard the presence 
of the beam and study the effect of a sinusoidal load of value Q 
per unit length acting directly on top of the wall as shown in 
Fig. 2c. Under this condition the value of the load is 


Q = Qo cos Ax 


To find the corresponding deflection w of the top of the wall 
is a two-dimensional elasticity problem. Taking the Y-axis 
directed downward and the X-axis along the ridge of the wall, 
the stress components ¢,, ¢,, and 7 in the foundation, due to 
the load Q, are given by the stress function F satisfying the 


equation 


oF oF 
— 2 + —=-0 
da? Dy? dy* 
we have 
oF 
oF 
{11] 
oF 
~ 
The boundary conditions are 
o,=0,=71=0 fory = 
o, = r= Ofory =0 
2b 4 
The corresponding stress function is 
F= cos (1 + Ay)... [12] 
2bd? 


The coordinates zx, y of a point before deformation, become 
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x + uand y + v after deformation and the functions u, v are 
related to the stresses by the law of elasticity 


OU _ Wy 
duc E 
{13] 
wy E 


where £ is the modulus of elasticity and » the Poisson ratio of 


the wall. 
By integrating the second Equation [13] iil using Equations 
{11] and [12], the vertical deflection w of the ridge of the wall 


can be found as follows 


w= 


w= 


N 


ty 
Fia. 2 
We conclude that a sine-wave loading 
Q = Qo cos Ax 


per unit length at the ridge produces a sine-wave deflection given 
by Equation [14]. For this type of loading, porportionality 
between load and deflection of the foundation actually holds, 
and we may write 


where k = Ebd. The proportionality factor k may be con- — 


sidered as the modulus of the foundation for a sine-wave loading. 


We see that for a fixed value of the maximum load Q) its mag- 
nitude is inversely proportional to the wave length of the load. 
This is obviously in gross contradiction to the hypothesis of the 
elementary theory which assumes that k is independent of the 


wave length. 


Now consider a beam under the action of two sine-wave load- 
ings as shown in Fig. 2. In Fig. 2a, the load acting on top of 


the beam is 
P = Po COS AT 


and in Fig. 2c the reaction acting upward is 


Q = Qo cos Az 
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The deflection w shown in Fig. 2b of the beam, according to 
the beam theory, is given by the equation 
d*w 
where E, is the modulus of elasticity of the beam and / its 
moment of inertia. 

The reaction Q is now supposed to be due to a sine-wave 
deflection w of the foundation as shown in Fig. 2d, the same as 
that of the beam, so that this reaction and deflection are related 
by Equation [15]. 

From Equations [15] and [16] after eliminating the reaction 
Q, we conclude that the load p = po cos Ax on the beam resting 
on the wall produces a deflection of the beam w = wo cos Ar 
as shown in Fig. 3. This deflection is given by the relation 


The bending moment in the beam due to the load p = po cos Ax 
is 


Fie. 3 


Concentrated Load P and Bending Moments. By means of 
Equation [18] we may calculate the bending moment due to 
any loading using the superposition principle and the Fourier 
integral. 

An arbitrary loading p(x) may be represented as the super- 
position of an infinite number of sine loads by the equation 


+ 
p(z) = dd p(t) cos (x — [19] 


Each elementary sine loading of Equation [19] 
p(t) cos A(x — $) 
gives a bending moment (see Equation [18]) 


and the total bending moment due to the load p(z) will be the 
superposition of all these elementary bending moments 
+ 
M(z) = f 
— © 0 


dy 


cos A(z — $) 
+ Eb 


In particular, the bending moment due to a concentrated load 


J. 


- P 


A3 


acting at the origin z = 0 and localized on a small width 2e is 


given by 
cos Ar 
M(x) = P d 
«Jo Eb 
x3 
As in the elementary theory, we may define a “fundamental 
length” as 
- 
| 20) 
The bending moment can be expressed as 
eo @cos| a- 
M(z) = Pa [21] 
| 
3 0) Ve 2 x/a 
Y\ 
| 4 
| 
| 
| 
M/Pa 
| | i 


Fig. 4 CURVES 


(The solid curve was drawn by the exact theory for two-dimensional founda- 

tions. The dashed curve was drawn by the elementary theory with a value 

of the modulus & adjusted so that the maximum bending moment has the 
correct value.) 


The integral in Equation [21] has been evaluated partly graphi- 
cally and partly by the method of residues for various values of 
(z/a). 

The bending-moment curve calculated from Equation [21] 
can be denoted by 


M(x) = Pa®(z/a) 


The function #(z/a) is represented by the full line in Fig. 4. 
For very large values of (z/a) the function #(z/a) is asymptotic 


1 
to ——— and does not oscillate. 


(x/a)? 
The maximum bending moment occurs at the point of loading 
(z = 0). Its value is 
1 
Mux = Pa - 
ari" [23] 


This integral can be evaluated exactly and gives a check on the 
graphical method. We find 


3V3 Pa 0.385 Pa [24] 
and replacing a by its explicit value given in Equation [20] 
1/3 
EJ 
Mmax = 0.385 —]| ............. 


Equations [24] and [25] may be compared with Equations [6] 
and [7] of the elementary theory. 

Equation [25] differs fundamentally from Equation [7] of the 
elementary theory. The maximum bending moment is found to 
be actually proportional to the one-third power of the beam 
stiffness E,J instead of the one-fourth power. 

It is interesting to know what value of the foundation modulus 
k must be chosen in order to obtain the same maximum bending 
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moment by the approximate theory as by the exact one. If for 
instance, Equations [6] and [24] are compared, it is seen that 
in order to obtain the same maximum bending moment by both 
equations, a value of the fundamental length 1 of the approxi- 
mate theory must be chosen such that 


or | = 1.09a when a is the fundamental length of the exact 
theory. This also amounts to choosing a modulus k given by 


Ebé wh 
k = 0.710 [ [27] 


or 


k = 0.710[b/alE 


Pp Logi 

0.5 


Pag 


Fie. 5 DEr.tecTion CuRVES CORRESPONDING TO THE BENDING- 
Moment Curves oF Fic. 4 


(In this figure the sha of the curves are compared and not absolute values 
since the deflection deduced from the exact theory is everywhere infinite.) 


The value of the modulus k turns out to be proportional to a 
dimensionless ratio 
b 
a LEJ 


which is the ratio of the half-width b of the wall to the funda- 
mental length a. 

It is quite natural to expect that the elementary theory is 
approximately verified by choosing / or k such that the maxi- 
mum bending moment coincides with the correct value given by 
Equation [24]. This is justified by the fact that, with the proper 
value for k as given by Equation [15], the elementary theory is 
correct in case of a sine-wave deflection, and that the elementary 
theory yields a deflection curve which is roughly of sinusoidal 
shape. Moreover, it can be verified that if the maximum bend- 
ing moments are made to coincide by proper choice of k or l, 
the bending-moment diagrams are practically the same. By 
using Equation [4] of the approximate theory, with a value 
l = 1.09a given by Equation [26], we have 


M = 1.09Pa¢g(z/1.09a) 


The curve of M/Pa = 1.099(x/1.09a) as a function of z/a and 
compared with the exact one #(z/a) is represented by the dashed 
line in Fig. 4. 

Deflection. The deflection curve is found by double integra- 
tion of the bending-moment curve. The absolute value of the 
defiection is infinite everywhere, as can be shown. This is 
derived from the fact that the bending-moment curve goes to 
zero as the expression (1/x*) when z approaches infinity. How- 
ever, we may find the shape of the deflection in the vicinity of the 
load by double integration of the relation 


= M(z) 


or 


Since #({) is asymptotic to (1/f*) for large values of ¢, the 

ordinates of the deflection curve become infinite at infinite dis- 

tance and are asymptotic to log (z/a). The shape of the 

deflection curve is represented by the full line in Fig. 5. The 

ordinates are dimensionless deflections w a as a function of 

z/a. 

We may calculate here also an approximate deflection curve 
by using Equations [9] and [10] of the elementary theory but 
with a value of 1 = 1.09a, Equation [26], such that the value 
of the maximum bending moment will coincide with the exact 
one. This means that the approximate deflection curve and the 
exact one will have the same curvature under the load P. The 


Pat 
EI 
theory is represented by the dashed line in Fig. 5. 


dimensionless deflection w thus given by the approximate 


BENDING OF AN INFINITE BEAM ON A THREE-DIMENSIONAL 
FouNDATION 


Consider the bending of an infinitely long beam under a con- 
centrated load P. The beam is supposed to rest on a three- 


Fia. 6 


Fie, 7 


dimensional semi-infinite elastic continuum. The area of con- 
tact between the beam and the surface of the foundation is 6 
strip of width 2b as shown in Fig. 6. 

The Z-axis is taken downward, as shown in Fig. 7, and is 
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positive, and the X- and Y-planes coincide with the surface of 
the foundation. 

Double Sine-Wave Loading on Foundation. Similarly to the 
case of a two-dimensional foundation, let us first study the de- 
flection due to a double sine-wave loading, where 


q = qo COs Az Cos Ky 


The displacement components u, v, and w, of a point inside the 
foundation satisfy the equations of elasticity 


+ —— — 
de 
where 


and » is the Poisson ratio of the foundation. A solution of these 
equations has to be found which (1) is doubly sinusoidal in z 
and y; (2) produces no shear at the surface z = 0; and (3) goes 
to zero and produces zero stresses at z = ©. 

It may be verified that a solution satisfying these conditions is 


1 — 2» 
~ |. + «*) gin cos Ky 


1 — 2» F 


A 
w= +«} + 21 — +) cos Ax cos Ky 


where A is an arbitrary constant. 
The vertical deflection of the surface of the foundation we 
(w at z = 0) is 


2A 
We = (1 — cos Ax cos xy 


and the corresponding normal load is 


AE + «? 


q=—e, cos Az cos Ky 


This yields, between g and wo, the relation 


1 
where E is the modulus of elasticity of the foundation. 

Simple Sine-Wave Loading. Referring to Fig. 7, let us now 
find the deflection produced by a loading located in a strip of 
width 2b between the lines y = +b. This load is supposed to 
be constantin the Y-direction and have a sine distribution along 
the X-direction. It can be represented as 


where go(y) is a function of y such that it is equal to zero when 
vy < —b, y > b, and equal to g when —b < y < b as indicated 
in Fig. 8. 

The deflection W;(z,y) of the foundation surface corresponding 
to the load ¢,(z, y) may be expressed in exactly the same way 


W,(z, y) = Woly) cos Ax 


A-5 


where W.(y) represents the deflection of the foundation along a 
cross section parallel to the Y-axis. 

The problem is to derive the value of Wo(y) from the knowledge 
of gy). This can be 
done by the use of the 
Fourier integral and 
Equation [29], as 
shown in the Appen- 
dix. In fact, what is 
finally calculated is the 
| ratio of average loads 
and deflections. The 
average load is taken as 


+6 
= aly) dy 


and the average deflection 


+b 


Wave = Waly) dy 


2b 
It is shown that the ratio (Quveg/Wavg) varies only about 10 
per cent when the distribution of pressure go(y) changes from a 
uniform one to one giving constant We along the width 2b. 

This ratio can be expressed as 


Qave E 
Wave C(1 y?) 


where, as shown in the Appendix, ¥ is a numerically calculated 
function of 8 = bd, and C is a coefficient varying from 1 for uni- 
form pressure distribution to 1.13 for uniform deflection Wo. 
Sine-Wave Loading on the Beam. The preceding result may 
be applied to the bending of a beam in a manner similar to that 
for the two-dimensional foundation. 
Assume that a load 


P = Po Cos Ax 


acts on top of a beam and that on the bottom a reaction of 
average value is acting across the width, or 


Q = Quvg cos AZ 


The corresponding sine-wave deflection W of the beam, according 
to the beam theory, is given by the equation 


where E, is the modulus of elasticity of the beam and / is the 
moment of inertia of the beam. 

On the other hand, if the force (Q = Q.vg cos Az) acting under 
the beam is due to a sine-wave deflection of the foundation of 
average value across the width 


W = Wavg cos Az 


from Equation [32] we may write 


E 
Q=W ca — [34] 
Assuming that the deflection W in Equation [33] is the same as 
in Equation [34], we may eliminate Q between the two relations. 
This leads to the conclusion that a load (p = pp cos dz) on the 
beam resting on the foundation produces a deflection 


W = Pe COS AT 


1 
é 
a‘w 
is E 
BD + ————. 
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The corresponding bending moment is 


APo COS AT 


1 E b 


Concentrated Load P and Bending Moments. By using the 
last given Equation and the Fourier integral given in Equation 
[19] we may derive, as in the case of the two-dimensional founda- 
tion, the bending-moment curve due to a concentrated load P. 


This bending moment is 


r cos Ar dd 
¥(8) 


C(i — »*) 


As before, we may introduce here a fundamental length 


and then 


x 
“COs | a- 
1 
M(x) = Pe- da 
Jo 


The maximum bending moment occurs right under the load 
(x = 0). Its value is 


ada 


Mau = Pet da 
3 ) 
a 
c 


This integral has been evaluated partly graphically and partly 
analytically for six values of b/c, ranging from 0.01 to 1. If 
the results are plotted on logarithmic paper, it is found that the 
integral can be represented with an approximation of the order 
of 2 to 3 per cent, as 


0.831 
b b 
a+yl-a 
c 
so that finally the maximum bending moment due to a concen- 
trated load P may be expressed by 


= 0.332 Pe (<) [36 | 
or, replacing c by its explicit value as given by Equation [35] 
0.277 
= 0.332Pb [ca — [37] 


Comparing Equation [36] with Equation [25] obtained in the 
case of the two-dimensional foundation, we see that they differ 
quite fundamentally by the presence of the factor (¢/b)®-%. 
A great similarity, however, exists between Equation [37] and 
Equation [7] of the elementary theory. In Equation [37] the 
maximum bending moment is found to be proportional to the 
0.277 power of the beam stiffness FJ, while in the approximate 
theory it is proportional to the 0.25 power of the same quantity. 

Hence, the elementary theory approximates more closely the 
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exact theory for the three-dimensional foundation than it does 
for the two-dimensional case. We may carry over from the 
two-dimensional theory the conclusion that if we were to use a 
value of k or l giving a correct value for the maximum bending 
moment, good approximate values are to be found by applying 
the approximate theory. 

By identifying Equations [6] and [36] we find 


and from Equations [7] and [37] 


1 
k = 1.23 


b 0.33 E 


Equations [38] and [39] for the fundamental length 1 and the 
modulus k of a three-dimensional foundation show also funda- 
mental differences from Equations [27] and [28] of the two-di- 
mensional theory. 

Deflections. In this case the deflection is found to be finite. 
The exact deflection can be derived from the bending moment 
and expressed as 


C(1 — v?) 


or 


From Equation [43] of the Appendix, it can be seen that as a 
approaches 0, the integrand is asymptotic to a logarithm, and 
2c c 
xb . ba 


This shows that the integral is finite in spite of the infinite value 
of the integrand for a = 0. 

It is natural to assume that the deflection wave computed by 
Equation [8] of the elementary theory with a value of & or / 
given by Equation [38] or Equation [39] is a good approxima- 
tion to the actual value. 


Appendix 


The function go(y) is a discontinuous function which can be 
represented as a sum of sine functions by means of 


qo(y) = fain e(y + 8) —sin «ly — b)] 


Applying Equation [15] to each of the sine waves under the 
integral sign, we find 


sin x(y + b) 


0 V(A? + 


Putting 2qob = Qo, Ab = 6, and xb = a, the last given equation 
becomes 


Woy) = 


Qo1— 


Woly) = 


(54 
0 @ V(a? + 


sin a 
0 @ + 


Thi 


| 
ew 
M = 2 
dx 
| 
tee) 
il 
| 
cos | ] da 
Pe} 1 = c 
w(z) = ; 
at+atl_a 
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We have to evaluate the integral 


We note that its derivative with respect to 7 is a known function 
cos ya 


f 
dy Jo Va? + 8?) 


where Ko(u) is the zero-order Bessel function of the third kind 
(Hankel function)** sometimes also denoted by (#/2)iHo (iz). 
By integration with respect to 


Ko(u)du 
0 


This integral has been calculated graphically and analytically 
in the vicinity of point ¢ = 0 by using the asymptotic formula 


Ko(u)u-o = 0.1159 — log u 


da = Ko(y8) 


J = 


We put 


We find the following values 


0.3417 
0.5467 
0.9237 
1.237 
1.468 
1.528 
1.544 
1.550 


For values of ¢ smaller than 0.1, the function ¢(¢) is approxi- 
mately equal to 


v(t) = ¢[1.116 — log 


We have introduced a constant Qo; it is such that the load Q; 
per unit length along the z direction is 


Q: = Qo cos Ax 


This load is supposed to be uniformly distributed along the 
Y-direetion in the width 2b. 

According to the derivation of Equations [40], [41], and [42] 
this load produces a deflection W(z,y) = Wo(y) cos Az, such 
that in the Y-direction 


Qo 1 
oy) xr E 8B 


We may deduce from this the average deflection Wavg along 
the width 2b where 
+b 


1 


This can be evaluated graphically and it is found that 
Qo E 


Wave 


5 “Treatise on the Theory Bessel Functions,” by G. N. Watson, 
Cambridge University Press, London, 1924, p. 77. 

‘See Watson, Bessel Functions, p. 77. Also ‘‘Functionentafeln 
mit formeln und kurven,” by E. Jahnke and E. Emde, Teubner, 
Leipzig, 1933, p, 286. 


Woly)dy 


¥(8) 


where ¥() is the function here tabulated. 


8 WV (8) 
0.1 4.80 
0.5 1.90 
1 1.42 
3 1.13 
8 1.04 
1 


For 8 < 0.1 the function (8) is given by the asymptotic ex- 
pression 


€ 1 
= = E -+ | [44] 
B 

| x: 

| o/s 
| 

| 


The effect of changing the distribution of the loading in the 
’-direction go(y) has also been investigated in case 8 = 1. 
Calling Q.vg the average loading in the Y-direction, we have 


+b 
go(y)dy 


= 2b 
If the loading is constant, go = (Qavg/2b) in the Y-direction 
between y = —b and y = +0; as in Fig. 8, the corresponding 
deflection is given by curve a, Fig. 10. 

Let us apply a loading made of the superposition of the pre- 
vious rectangular loading and two rectangular loadings at the 
edge of width (6/4) and intensity (qgo/8) as shown in Fig. 9. 
We get a deflection shown by curve b in Fig. 10. This deflection 
is found simply by applying Equation [43] to each rectangular 
loading and superposing the deflections. We have increased 
the average loading by the relative amount '/ or 3.1 per 
cent and the average deflection by 17 per cent. The shape of 
curve B in Fig. 10 shows nearly constant deflection. We see 
that between the case where go is a constant and the ‘case 
where the deflection Wo(y) is a constant, the ratio (Qavg/Wav,) 
can become (1.17/1.03) = 1.13 times as great, showing a relative 
variation of 13 per cent. 

This shows that the ratio (Qavg/Wavg) can differ’ from 
(Qo/Wave) by as much as 13 per cent when 8 = 1. To caleu- 
late a better approximation for the average deflection when the 
load distribution g(y) is not rectangular, is very complicated 
and beyond practical interest. We shall write 


Qave Qo 
Ware 


where C is a coefficient having values between 1 and 1.13. Rigor- 
ously, C is a function of 8. The interval of variation of 13 per 
cent holds only in case 8 = 1. The margin of variation of C 
is generally much smaller and goes to zero for 8 = 0 or 8B = @, 
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Cantilever Plate With Concentrated 
Edge Load 


By D. L. HOLL,’ AMES, IOWA 


The author gives, by the method of finite differences, an 
approximate solution of the problem of a finite length 
of a cantilever plate which béars a concentrated load at 
the longitudinal free edge. All the boundary conditions 
are taken into account, and the plate action is deter- 
mined approximately at all points of the plate. The 
author points out that a secondary maximum transverse 
stress occurs at the clamped edge nearest the loading 
point, and that the longitudinal stress is greatest directly 
under the loading point. 


by concentrated forces has been discussed by MacGregor.* 

MacGregor’s solution of the problem is obtained by the 
usual thin-plate theory for an infinite length of cantilever plate, 
thus avoiding the additional boundary conditions along both 
transverse free edges and the difficult corner condition. The 
deflections and moments were obtained by MacGregor at criti- 
cal points only, since it required an individual evaluation of an 
infinite integral by numerical or graphical methods at each point 
of the plate. However, the approximate solution presented 
by the author in this paper takes into account all the known 
boundary conditions for a finite cantilever plate, and gives ap- 
proximately the action of the entire plate. 

In Fig. 1 is shown a thin homogeneous elastic plate of width a 
and length 4a, which is clamped horizontally along one longi- 
tudinal edge. At the mid-point of the opposite free edge, the plate 
supports a finite load P. The coordinate axes, and the notation 
used in labeling the net points for use in an approximate solu- 
tion by the method of finite difference are indicated in Fig. 1. 
The author discussed in another paper* the nature of the linear 
difference equations involved in this present paper. 

The nomenclature used in this paper, essentially the same as 
used by A. Nddai‘and H. M. Westergaard,' is as follows: 


z, y = horizontal rectangular coordinates 
w = vertical deflection of middle plane 
h = thickness of the plate 


1 Professor of Mathematics, conducting courses in applied mathe- 
matics and mathematical elasticity, the latter in joint cooperation 
with the department of theoretical and applied mechanics, Iowa 
State College. 

2 ‘Deflection and Strength of Cantilever Plates Loaded by Con- 
centrated Forces,” by C. W. MacGregor, Mechanical Engineering, 
vol. 57, April, 1935, p. 225. 

3‘*Analysis of Plate Examples by Difference Methods and the 
Superposition Principle,” by D. L. Holl, Journau or ME- 
cHANICcs, Trans. A.8.M.E., vol. 58, September, 1936, p. A-81. 

4“Elastische Platten,”” by A. Nadai, Julius Springer, Berlin, Ger- 
many, 1925. 

+ “Computation of Stresses in Bridge Slabs Due to Wheel Loads,” 
by H. M. Westergaard, Public Roads, vol. 11, 1930, pp. 1-23. 

Presented at the Fourth National Applied Mechanics Meeting of 
Tue AmeRICAN Sociery of MECHANICAL ENGINEERS, held at Pitts- 
burgh, Pa., June 11 to 13, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until May 10, 1937, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


T HE DEFLECTION and strength of cantilever plates loaded 


E = modulus of elasticity 
v = Poisson’s ratio of the material 
Eh® 
N = 
12(1 — 
P = concentrated edge load 
V,, V, = vertical shears per unit of width 


= measure of plate stiffness 


M,, M, = bending moments 
R,, Ry, = reactions per unit of width along an edge 
U = — = Met Ms 


This problem requires a solution of V4‘ w = 0, with w = 
ow/dx = 0 at the clamped edge z = 0; M, = R, = 0 at the 
transverse free edges y = +2a, and, at the longitudinal free 
edge z = a, the moment M, = 0. Also R, vanishes everywhere 
except at the point (a, 0) where it equals the edge load P. At 
the free corners (+2a, a) the condition d%»/dzrdy = 0 must be 
satisfied. 

If the method of difference equations were used for this problem 
instead of the method of differential equations (which leads to 
unusual difficulties on account of the corner conditions), it would 
be convenient to employ Marcus’ two-step method® by applying 
the difference equations of the loaded-membrane analog. 

By defining M, + M, = (1 + »)U, one may then have the 
plate equation NV ‘w = 0 expressed as two equations NV*w = 
—U and VU = 0. This becomes an Airy’s surface problem, 
and such a surface shall be considered continuous one net width 
beyond the actual plate boundaries, as indicated in Fig. 1. An 
approximate solution will be attempted first by dividing the 
plate into square nets of width \ = a/2, as is indicated in the 
right half of Fig. 1. A subsequent study for the neighborhood 
of the loaded free edge will be made in the Appendix. 

The following linear equations may be written 


4U, — U,— U, — Ug— Us = 0 

4U, — U; — U1 — U, — Us = 0 {1] 
4U,— U, — U; — Ug — U; = 0 


hy ~ =0 
4U, — U. — U, — U, — Ug = 0 
4U, — U,— U.— Us — Us = 0 
4U,— U; Up — U4 =0 
— U,— Ug—U,— Up =0 


N (4w; — wz — wg — = 
N — — — = (3] 
N (4w3 — wy — — w,) = Usd? 
N (4u, — ws — w; — wy) = Ud? 


N (40, — wy — We — Wi — Wa) = Ud? 
N (4w, — w, — w, — — wp) = 
N (40, — Wy — ws — wy) = UN | [4] 
N (4wyg — w, — w, — Ws — ws) = 
N (4wg— w, — we — we ) = 
N (4we — wg — Wg — Wp — Wp) =0 
‘Die Theorie Elastischer Gewebe und ihre Anwendung auf die 


Berechnung beigsamer Platten,” by H. Marcus, Julius Springer, Ber- 
lin, Germany, second edition, 1932. 
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TABLE 1 
POISSON'S RATIO » = 0.3 


MOMENTS AND SHEARS IN A CANTILEVER PLATE 
WITH A CONCENTRATED EDGE LOAD SHOWN IN FIG. 1 WHEN 


Net 
points U Mz My Vz 

8 —0.49672 P —0.49672 P —0.01498 P +0.6765 P/a 
7 —0.37352 P —0.37352 P —0.03780 P +0.4852 P/a 
6 —0.22672 P —0.22672 P —0.06802 P +0.2087 P/a 
5 —0.12600 P —0.12600 P —0.11206 P +0.0716 P/a 
A —0.04992 P —0.04992 P —0.14902 P —0.0481 P/a 
4 —0.13091 P —0.21714 P +0.04696 P +0.7867 P/a 
3 —0.15847 P —0.16670 P —0.03931 P +0.3749 P/a 
2 —0.13089 P —0.11477 P —0.05539 P +0.1746 P/a 
1 —0.08634 P -—0O +0.03444 P +0.0870 P/a 
B —0. 04948 P —0.06432 P +0.0499 P/a 
d +0.29002 P 0 +0.37703 P Rz = P 

¢c +0.00143 P 0 +0.00186 P 0 

b —0.05205 P 9 0.06766 P 0 

a 0 —0.05070 P 0 

0 0 0 


Fie. 1 CANTILEVER PLate With CONCENTRATED Loap 
SHOWING AxEs AND Net Points 
Clamped Edge. 
Mi Vx 
— 
PSe 
My. | 
Le 


Deflection Contours in Jerms 
of Deflection Under Load =/ 


Fie. Moments, SHEARS, AND DeFLection Contours OF A FINITE 
LENGTH OF CANTILEVER PLaTe. Porsson’s Ratio »y = 0.3 


Equations [1] and [3] hold at interior points and Equations 
(2) and [4] hold at the boundary points. They are the differ- 
ence relations corresponding to V?U = 0, and NV*w = —U. 
The corner condition is 


At the clamped edge, the conditions ws = ws = w; = ws = wy = 
0, enable one to give the zero-slope relations as follows 


= —U,? 


2w,N = 
= 
= —U 
Along the free edge x = a, the two relations N V? w = —U and 
d*w 
M. = — 
N + 0 yield 


Similarly along the free edges y = * 2a 
= — — 
N (1 v) az? U edge 


These conditions along the edges x = a, and y = +2a vield the 
following 


N(1 — v) (2w, — we) 
N(1 — v) — w, — w,) = Ur? 
N(1 — v) (2w, — wy — = UD? 
N(1 — v) (2wg — 2w, ) = UD? > ... 
N(1 v) — We ) = | 


2we— We = 
2we — Wp — Wg =0 


Thus, it may appear that there are 33 equations in 41 un- 
knowns. However, there is one redundant relation since Equa- 
tion [5] and the last two in Equations [7] are not independent, 
both being equivalent to the vanishing of the twisting moment 
at the corner. The seven remaining relations arise from the 
reaction conditions, two along the transverse free edge, and five 
at the longitudinal free edge. These conditions may be found 


from 
ou 
— —(l—vp — -}=R, 
or G = or fs ) 


These conditions are 


Us—U. NU—») 


— 2uy — 2w, — 2us) | 
= | 
U,—U; N(i—») 
— (2w, — ws — wg — 2ws + 
+ We) = 0 
NA— 
= (2wg — W, — Wa — 2w,. + W3 
+w) =0 
U.z—U;, N(l—») 
+ (2wa — we — Wp — 2m, + [8] 
+ wg) =0 
Up—U N(1 —») 
+ wr) =0 
Ug—U, NU—») 
(2we — we — wy — + 
+ Wa) = 9 
Ur —-U, 
— Wa — 2m + = 0 


The system of equations is now complete and one may ex- 
pect to obtain a solution of the problem of the cantilever plate. 
Although the system is a somewhat formidable one it is not 
difficult to handle since there are usually only four equations 
involved at any single stage of the reduction, except in the final 
step where six unknowns are to be determined. One may choose 
what the final unknowns shall be and proceed systematically to 
eliminate all the others. It is convenient to retain the edge 
deflection w,, Wy, W,, Wg, Wg, and We for the final determination. 

All the equations given previously are now utilized in reducing 
Equations [8] to exactly six equations in the six unknowns w,, 
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Wy, W., Wa, Wg, aNd we. The reduction and solution, some- 
what detailed and tedious, is carried out in this paper for » = 
0.30. Since this work must be carried out for each choice of vy and 
for each new type of network, the solution is not included in this 
paper, only the results are recorded. 

The boundary deflections are 


w, = 0.04993 Pat/N; wz = 0.18773 Pa?/N ) 
w, = 0.08364 Pa?/N; wg = 0.00624 Pa?/N } ...... [9] 
w, = 0.13594 Pa?*/N; we = 0.03015 Pa?/N | 


The following additional deflection values may be obtained 
from the appropriate foregoing equations. They are required 
in obtaining the data for Figs. 1 and 2. Not much weight is to 
be placed on the last two values but they are consistent with no 
torsional moment at the free corner C. These deflection values 
are 

w, = 0.01575 Pa®/N; = 0.22534 Pa?/N 

w. = 0.02834 Pa?/N; ws = 0.34445 Pa?/N | 

w; = 0.04669 Pa?/N; wp = 0.05406 Pa?/N 

ws, = 0.06209 Pa?/N; = 0.01037 Pa?/N- | 

Wa = 0.07993 Pa?/N; = wy = 0.07275 Pa?/N 

wg = 0.13336 Pa?/N; — 0.00857 Pa?/N 


The data in Table 1 are the solutions of U, M,, M,, and V,, 
as shown in Fig. 1, for » = 0.3. The values at the net points 
listed in Table 1 are shown in Fig. 2. 

Two checks on the total shear across a longitudinal section 
show the order of the results obtained. The checks are 


2a 
2 (V.)x=a/s dy = 1.011P 
0 


2a 
2 f (V,)z=<0 dy = 1.091 P 
0 


The author recognizes the fact that the results are none too 
reliable, particularly the shears which involve several orders 
of differences. The comparison of the reaction at the clamped 
edge (here V, = R,, since M,, = 0) and at the middle longi- 
tudinal section shows a better distribution at the clamped edge 
than at the middle section z = a/2. The maximum deflection 
under the load point is w,; = 0.18773 Pa*/N which exceeds 
MacGregor’s results? by 12 per cent. The result of the special 
study in the Appendix of w, = 0.17902 Pa?/N is only 7 per cent 
greater than MacGregor’s results. Some greater deflection is 
to be expected in this problem discussed in this paper, since this 
plate is a relatively short one and the restraining effect of the 
infinite length of clamped edge is removed. The maximum 
moment at the clamped edge nearest the load point shows a differ- 
ence of only 2 per cent from MacGregor’s results. However, the 
maximum moment in the finite length of cantilever plate is 
actually smaller than in the infinite length, which perhaps is 
due to a better distribution at other points along the clamped 
edge. 

Infinite moments will not result from the application of this 
type of approximation. However, by diminishing the width of 


| 
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the finite differences, the stresses in the longitudinal direction 
and directly under the load may be made to increase indefinitely. 
From Table 1 the value of M, is +0.37703 P under the load. 
The special study in the Appendix, obtained by subdividing the 
net again, shows that M, = +0.5495 P, which exceeds the 
maximuin of M, at the clamped edge. This value of M, may 
be increased by subdividing again and in the limit becomes in- 
finite as long as the ordinary thin-plate theory is applied. The 
author recognizes that the difference method applied to surfaces 
which are considered as analytically continued beyond the actual 
region is none too dependable. However, it offers a readily 
obtainable conception of the action of the entire plate. 


Appendix 


The possibility of making a special study of the plate section 
in the neighborhood of the load was suggested to the author by 


A. Nd&dai. It is known, from St. Venant’s principle, that the 
4 e 
K 
Jj f hj 


Fig. 3. ENLARGED SECTION OF THE Net AREA 34dc SHOWN IN Fic. 1 


stresses at small distances (equivalent to several thicknesses of 
the plate) from the load are practically independent of the 
type of loading. Hence, the approximate method may again be 
applied by subdividing the net area 34dc, shown in Fig. 1, and by 
considering the boundary values along the edges 3 to 4 and 3 toc 
as having been obtained from the first study, or from inter- 
polation of these values. Fig. 3 is an enlargement of the shaded 
section shown in Fig. 1, together with the notation for the net 
points. In this study of the section 34dc, shown in Fig. 3, 
A} = 2X’ = a/2, and Poisson’s ratio v, as before, is taken as 0.3. 

If equations similar to Equations [1], [2], [3], [4], [7], and [8! 
were written for the net area 34dc, 12 equations in 12 unknowns 
may be reduced to the following corrected values: 


Wa = 0.17902 Pa?/N; Uz = 0.4227 P; M, = 0.5495 P; M, = 0 
w, = 0.16015 Pa®/N; U, = 0.0598 P; M, = 0.0777 P; M, = 0 
The longitudinal stresses under the load, corresponding to the 


moment M, = 0.5495 P, now exceed the greatest transverse 
stresses at the clamped edge. 
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Stresses in Symmetrically Loaded Hemi- 
spherical Shells Having Tapered Edges 


By S. C. HOLLISTER,! ITHACA, N. Y. 


The author points out that when a thin hemispherical 
shell is fixed at the edge and subjected to internal pressure, 
bending stresses are set up in a meridional element near 
the edge of the shell. Where these bending stresses are 
large, the shell can be improved by a uniform tapering 
of the shell thickness near the edge. The author supplies 
methods of solving for stresses in such a shell with a thick- 
ened periphery when the shell is subjected to internal pres- 
sure and fixed at its edge, when it is only partially re- 
strained at its edge, and when the shell is loaded sym- 
metrically to its axis of rotation, but in a manner other 
than by internal pressure. 


UPPOSE a thin hemispherical shell to be fixed at its edge, 
S and subjected to internal pressure. Because of the edge 

restraint, bending stresses are set up in a meridional element 
near the edge. In cases where these bending stresses are large, 
the shell may be improved by a uniform tapering of the thickness 
near the edge. The analysis of the shell having such a thickened 
periphery is the purpose of this paper. 

When the shell is only partially restrained at its edge, the re- 
sults will be different from those for the foregoing condition. 
Similarly, if the shell be loaded symmetrically with respect to its 
axis, but in a manner other than by internal pressure, the solution 
is a variation of the first-mentioned case. The analysis given in 
this paper will supply solutions of all of these conditions of 
symmetrical loading and restraint. 


NOMENCLATURE 
The following nomenclature is used in the paper: 

O = origin of coordinates which will be at the edge of the 
hemisphere when the shell is of uniform thickness, as 
shown in Figs. la and 1b. For the tapered portion, the 
origin will be at the intersection of the tapered faces, as 
shown in Fig. 3 

u = radial deflection which is positive when toward the center 

of the hemisphere 

= angle in the meridional direction, positive toward the 

zenith for the portion of uniform thickness. For the tapered 
portion this angle will be positive away from the zenith 

= angle in the circumferential direction, positive counter- 
clockwise from the origin when the shell is viewed from 
the zenith 

S = tension in the shell per unit width due only to the internal 
pressure, without edge restraint = pR/2 

p = radial pressure against the shell, per unit of surface area; 
considered positive when acting toward the center; nega- 
tive, away from it 

R = radius of the middle surface of the shell 
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T = compression in the shell per unit width acting parallel to 
the edge in a circumferential direction, due to the restrain- 
ing effect of fixity = Ehu/R 

E = Young’s modulus of elasticity 

= thickness of portion of shell having uniform thickness 

finite quantity 

= shear, per unit width, acting radially on an edge of the 

shell normal to a meridian 

M = moment per unit width acting radially on an edge of the 
shell normal to a meridian 


oO 
ll 


8 = length of arc of shell measured along the neutral surface 
= Poisson’s ratio 
V(r") 
“ 
e = base of Naperian logarithms 


A,B,C,D = arbitrary. constants determined from the given 
conditions of restraint 


f = distance shell expands due to internal pressure when not 
fixed at the base 

t = thickness of tapered portion at any distance s from origin 

c = rate of taper of tapered portion = t/s 

I’ = h3/12(1 


Curvature due to bending will be positive when concavity is 
toward the positive u-direction. 

Moments will be positive when producing concavity toward 
the positive u-direction. 

Shear will be positive when the shear on the end of the element 
nearest the origin of the coordinates is toward the positive u-direc- 
tion; and conversely, on the end farthest from the origin a 
positive shear will act in a negative u-direction. 


-Neutral 
Surface 


Fie. 1 


Intermediate loads will be positive when acting in a positive 
u-direction. 

Slopes will be positive when the tangent is rotated from the 
positive g-direction toward the positive u-direction. 


SHELL OF UNIFORM THICKNESS FIXED AT THE EDGE AND UNDER 
INTERNAL PRESSURE 


In Fig. la is shown a small element abe of the shell. Figs. 1c 
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and ld show this element with the forces that act on its faces. 
The force S is the tension in the shell per unit width due only to 
the internal pressure, without the restraint at the edge; hence, 
S = pR/2. The force T is the compression in the shell per unit 
width acting parallel to the edge, i.e., in a circumferential direc- 
tion, and is due to the restraining effect of fixity. The force T 
is proportional, therefore, to the radial deflection produced by 
the restraint and is equal to Ehu/R. The distance m shown in 
Fig. 1d is equal to R(d¢)?. 
The summation of the radial forces is 


—(V + sV)Ree + + SigRs + — 


— = 0 
bV 
—— +28S—T—pR=0 
therefore 
— = 28 —T —pR = —T............. {1] 
dy 


Referring to Fig. 1d, the summation of the moments about the 
right end is 


(M + 6M)Rs — MRswe — VRdRig — 


Neglecting powers of the derivatives 
— VRég = 0 
and therefore 
aM 
[2] 
Differentiating 
aM av 
de 
whence, from Equation [1] 
d?M 


For thin shells wherein the ratio R/h is large, the relation between 
bending moment and curvature is approximately 


ds? El’ 
where s is measured meridionally along the mean surface, and 
u = Poisson’s ratio. Then 
du M 
dst Rdg? EI’ 
du 
dg*  EIl'dg? 
or from’ Equation [3] 
‘EY’ I’ 
Letting 
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then 


d‘u 


The general solution of Equation [6] is 
u =e * (A cosag + Bsinag)..... 


which is the equation of the elastic line of a meridional element 
due to some restraint at the edge. The constants A and B are 
determined for the particular condition of restraint that may 
exist. 


Fixep Epars 


Consider a hemisphere fixed at the base. Beyond the zone 
affected by the edge restraint, the shell expands 


The effect of bending is the same, therefore, as though the entire 
hemisphere had expanded this 
amount, after which the edge was 
moved inward the distance f shown 
Vo Fig. 2. Letting uw = and 


(du/dg)y =o = Odue to the fixity, 
iis when ¢ = 0, we have 
tu 
Fie. 2 w= A=f........[9] 
Differentiating Equation [7] 
= — ae [(A — B) cos ag + (A + B) sin ag]. . (10) 


from which, when ¢ = 0 


du 
= —a(A — B)=0 
(#) ) 


whence 


Substituting these values in Equation [7], we have for the elastic 
line in the meridional direction for fixed edge 


u = e— * ficos ag + sin ag)............ [12 
Differentiating Equation [10] 
= (Asin ag— Bcosag)...... {13} 
> i A+B ] [14] 
we [(A — B) sin ag — (A + B) cos ag] ... 


Now, since the moment at the fixed edge (¢ = 0) is 


EI' [{ 
(2), 
therefore 


Likewise, since the shear at the fixed edge is 


EI’ d®u 
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therefore 


EI’ 


SHELL RESTRAINED AT THE EDGE BY MOMENT AND SHEAR 


If a partial restraint at the edge of the shell were produced by a 
moment M, and a shear Vy such that u and (du/dy), = , have 
values other than given previously, a solution may be made in 


terms of the particular moment M, and shear Vo. Then from 
Equation [13] when ¢ = 0 
El’ d*u 2a°EI’ 
My = R = = [17] 
Similarly, from Equation [14] 
El’ d*u 
Then 
[19] 
and 
2a’ EI’ 
EI’ (v. R a.) [20] 


The values of A and B as given by Equations [20] and [19], 
respectively, may be substituted in Equation [7] to obtain the 
equation of the elastic line for the condition of restraint under 
consideration at this point. 

It is important to know the deflection wo and the slope 
(du/d¢g), =o when ¢ = 0. From Equation [7] 


w= + * (21) 


and from Equation [10] 


du 
— =—a(A—B 
(*) ( ) 


Equations [21] and [22] give the deflection and slope at the edge 
in terms of restraining moment and shear. 


WitH a TAPERED 


Let Fig. 3 represent a meridional element developed to a 
straight line and tapered 
uniformly from the edge 
A to a point B where it 
is joined to the shell of 
uniform thickness. Let 
the taper be such that 
t = cs. The origin is 
chosen as O, the inter- 
section of the tapered faces. From Equation [3] we have 


eM _@ 
dst 


Fie. 3 


Substituting in Equation [23] the value of T = Etu/R, and 
E’ = E/(1 — yu); therefore replacing J’ by J, 


A-13 
d? Ec 
( + R? su 0 
from which, making 7] = ¢?/12 = c8s*/12 
d? 12 (1 — 
— | 33 — 24 
ds? (. =) + [24] 
Let s = aRg. Then Equation [24] becomes 
d? a? a? 
— | — — 
= (. +12 (1— ou [25] 
Let a be chosen so that 12(1 — yu?) (a?/c?) = 1. Then 
= 26 
and Equation [25] reduces to 
d? dtu 


The solution of Equation [27] takes the form (Michell’s Func- 
tions) 


u = Au, + Bu, + Cus + Duy.......... [28] 
where 
¢ 
3¢? 
Me = — loge + 


and A, B, C, and D are arbitrary constants to be determined from 
the given conditions of restraint. In Equations [29] 


Differentiating Equation [28] successively gives 


Equations [31], [32], and [83] may be evaluated by differenti- 
ating Equations [29] successively. Table 1 gives values for 
¢ = 0 to » = 30, accurate to nine decimal places. Such ac- - 
curacy is generally not required unless the taper is long, in which 
case the solution involves small differences of large numbers. 


SoLvuTion oF SHELL With TaperRep Frxep EpcEs 
In the case of a shell with tapered fixed edges, as shown in 
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TABLE 1 
u1 du;/de d2ui/dg? d3u;/de* 
0 +1.000000000 —0. 166666667 0 
0.5 +0.979188364 .083159774 —0.165625517 +0.004162534 
1 +0.917013613 165279431 —0O.162508263 +0.008300288 
1.5 +0.814254675 245325047 —0.157333476 +0.012388567 
2 +0 .672204603 322275062 —0.150132030 +0.016402851 
2.5 +0.492662860 395126413 —0.140947004 +0.020318873 
3 +0 .277924555 462900591 —0.129833523 +0.024112712 
3.5 +0.030766662 524649627 —0.116858574 +0.027760872 
4 —0 . 245568720 579461959 —0O.102100766 +0.031240366 
4.5 —0.547394014 626468181 —0.085650056 +0.034528798 
5 —0. 870598645 .664846638 —0.067607436 +0.037604445 
5.5 —1.210674287 693828854 —0.048084575 +0.040446336 
6 —1. 562742764 712704776 —0.027203422 +0.043034327 
6.5 —1.921586535 720827808 —0.005095776 +0.045349179 
fl —2.281681630 717619617 +0.018097184 +0.047372628 
7.5 —2.637232935 702574700 +0.042225410 +0.049087462 
8 —2 .982211695 675264684 +0.067130521 +0.050477583 
8.5 —3.310395094 .635342348 +0.092646382 +0.051528078 
—3 .615407776 582545354 +0.118599710 +0.052225280 
9.5 —3.890765157 516699660 +0.144810712 +0.052556829 
10 —4.129918353 437722607 +0.171093756 +0.052511728 


11 —4 .473374828 240516850 +0.223108424 +0.051254735 


12 —4. 593893868 .007810026 +0.273068898 +0.048395590 
13 —4.441650204 304396055 +0.319354001 +0.043900508 
14 —3 .970495675 644745513 +0.360321750 +0.037761841 
15 —3 . 139598994 022721351 +0.394335995 +0.029999038 
16 —1.915079603 430564701 +0.419793877 +0.020659327 
17 —0 .271608203 858942135 +0.435153836 +0.009818122 
18 +1.806054049 297021092 +0.438963881 —0.002420860 
19 +4.321605900 732573578 +0.429889829 —0.015925780 
20 +7 .265874144 152107968 +0.406743204 —0.030537158 
21 +10 .615627423 541028415 +0.368508516 —0.046068667 
22 +14.332562928 883821090 +0.314369582 —0.062308227 
23 +18.362492311 164266141 +0.243734604 -——0.079019407 
24 +22 .634751845 .365673987 +0.156259690 —0.095943131 
25 +27.061860343 .471144224 +0.051870529 —0.112799680 
26 +31.539446471 -463845152 —0.069218097 —0.129290985 
27 +35. 946464957 .327311632 —0.206485219 —0.145103194 
28 +40.145718760 -045758702 —0.359089298 —0.159909514 
29 +43.984701559 .604408109 —0.525856806 —0.173373294 
30 +47.296771971 .989824685 —0.705274012 —0.185151352 


Fig. 4, the portion AB that is tapered must be analyzed separately 
from the portion B’C which is of uniform thickness. The two 
parts are separated at B, and the cut edges B and B’ are acted 
upon by like moments Mz and M’s;, as well as by like shears 
Vz and V’,. At such cut edges, the radial deflection ug and 
u's, and the slopes (du/dg) and (du’/dg), must preserve con- 
tinuity, so that the deflections and slopes of each edge can be 
determined in terms of these moments and shears, thus making 
possible two simultaneous equations from which the moment 
M;, and the shear Vz at the junction may be evaluated. 

Designate at A a radial inward deflection f as given by Equa- 
tion [8]. This is the value of uy. At the same point the slope 
du/dp = 0. At B, only the shear and moment are Vz and M, 
whence we have 


du 
EI’ | — = V 
| 


Equations [34] may be rewritten, noting that s = aRy, wherea 
is given by Equation [26]. In the rewritten form, Equations [34] 
become 


us =f 


) 
| 
| 

} 


(=) M [35] 
de’ 
_ 

de®] ¢= op EI’ 
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TABLE 1 (cont'd) 


ur diun/de 
0 +1.000000000 0 —0 . 083333333 
5 +0.498264612 +0.989590566 —0.041608809 —0.082986240 


+0.986134249 
1. 453300613 
. 889628371 
+2.285240671 
+2.630503506 


+0.958449005 -—0.082870784 —0.081946511 
+0.906835153 . 123440637 —0.080218788 
+0.835180780 . 162976177 —0.077810798 
+0.744087657 -0.201139838 —0.074733325 
+0 .634324866 me 237600208 —0.071000187 


+2.916608528 +0.506825342 —0.272033531 -—0.066628189 
+3.134653963 +0.362681671 —0.304125196 —0.061637083 
+3 .276723230 +0.203141158 —0.333571188 —0.056049511 
+3.335460915 +0.029600167 —0.360079525 —0.049890940 


304245739 . 156402249 —0.383371650 —0.043189592 
.177260166 —0.353191396 —0.403183789 -——0.035976364 
+2.949556324 —0.558964665 —0.419268268 —0.028284741 


aAaaaaaaaa a 


+2.617117893 —0.771799899 —0.431394780 ~0.020150699 

+2.176917655 -0.989664389 —0.439351613 —0.011612608 

+1.626970403 —1.210424457 —-0.442946810 —0.002711117 

+0.966380903 —1.431855623 —0.442009287 +0.006510961 

+0.195386644 —1.651653303 -—0.436389883 +0.016008771 

—0.684604891 —1.867444018 —0.425962345 +0.025735549 
10 —1.670984683 -—2.076797085 -—0.410624254 +0.035642755 
11 —3.946317925 —2.466254719 —0.364930929 +0.055796281 
12 —6. 584893653 —2.799907552 —0.298997719 +0.076051101 
13 —9.520788243 —3.057537200 -—0.212940462 +0.095970269 
14 —12.667991055 —3.219262045 —0.107319090 +0.115103450 
15 —15.920965250 —3.265987110 +0.016851749 +0.132992497 
16 —19.155662851 —3.179861718 +0.158097764 +0.149177257 
17 —22.230998951 —2.944739150 +0.314485994 +0.163201546 
18 —24.990784094 —2.546632318 +0.483631819 +0.174619263 
19 —27.266107795 —1.974159351 +0.662712132 +-0.183000566 
20 -—28.878160032 —1.218972920 +0.848484706 +0.187938091 
21 —29.641471346 —0.276167083 +1.037313763 +0.189053121 
22. —29.367545973 +0.855344500 +1.225201675 +0.186001689 
23 —27.868856325 +2.172485100 +1.407826714 +0.178480528 
24 —24.963161090 +3.667712134 +1.580586643 +0. 166232835 
25 -—20.478103357 +5.328760819 +1.738647962 +0.149053783 
26 —14.256039570 +7.138439776 +1.877000515 +0.126795722 
27 —6.159044708 +9.074483792 +1.990517123 +0.099373033 
28 +3.925965892 +11.109468566 +2.074017871 +0.066766564 
29 +16 .082062330 +13.210791887 +2.122338598 +0.029027601 
30 +30.357142002 +15.340725214 +2.130403117 —0.013718666 


The left-hand side of the first, second, third, and fourth of 
Equations [35] may be replaced by the right-hand side of Equa- 
tions [28], [31], [32], and [33], respectively, into which has been 
entered from Table 1 the numerical value of the functions 


Mz 
"4 
Fia. 4 
B 
+M, 
tu Vy 


Fia. 5 


corresponding to y4 or gg. However, it must be remembered 
that ¢ is not to the same scale as s, but that ¢, = 8,/al, and 
¢p = 8,/aR, as indicated in Fig. 4a. 

Having set up the four equations from Equations [35], they 
may be solved for A, B, C, and D, in terms of Mz, and Vs. 
Now, if these values be substituted in Equation [28], and also 
if 1, Ue, Us, and uw, be taken from Table 1 for values corresponding 
to ¢ = ¢g, an equation for the deflection ug will result in terms 
of Mz and Vz. Similarly, substituting in Equation [31], there 
results an equation for the slope at B in terms of M, and Vz. 

Before the solution may proceed further it is necessary t 
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TABLE 1 (cont'd) 


us du;/de d?u3/de? d3u3/d¢? 
0 —o +o —o +o 
0.5 +0.349004777 +2.126719079 —3.914831174 +15.658444223 
1 +1.110290190 +1.135953828 —1.035186221 +1.822719049 
1.5 +1.576001249 +0.765643460 —0.552622344 +0.470733184 
2 +1.897286626 +0.531027149 —0.411210403 +0.157286932 
2.5 +2.113971236 +0.339700219 —0.362506002 +0.054461861 
3 +2.239378531 +0.163228248 —0.346617635 +0.015074620 
3.5 +2.277875186 —0.008995071 —0.343533777 —0.000222092 
4 +2.230395635 —0.181058283 —0.345095740 —0.004824201 
4.5 +2.096626667 -—0.354219315 —0.347484914 —0.004100331 
5 +1.876011377 —0.528346174 —0.348718956 —0.000476591 
5.5 +1.568264100 -—0.702557432 —0.347682089 +0.004840854 
6 +1.173657788 —0.875537016 —0.343705715 +0.011201151 
6.5 +0.693195165 —1.045702620 —0.336371024 +0.018225400 
7 +0.128715439 —1.211303070 —0.325409679 +0.025675921 
7.5 —0.517037527 —1.370479051 —0.310651085 +0.033391952 
8 —1.240371975 —1.521303980 —0.291993140 +0.041256322 
8.5 —2.036622377 —1.661813662 —0.269385394 +0.049177405 
9 —2.900136620 —1.790029409 —0O.242819036 +0.057078997 
9.5 —3.824273675 —1.903977207 —0.212320781 +0.064894479 
10 —4.801410196 —2.001704443 —0.177949012 +0.072563363 
11 —6.879371250 -—2.140883738 —0.097962556 +0.087238504 
12 —9.054118709 —2.192927198 —0.003882533 +0.100682947 
—11.231691750 —2.144423125 +0.102861803 +0.112503501 
14 —13.305497063 —1.983581892 +0.220459221 +0.122329035 
15 —15.158118284 —-1.700607074 +0.346738216 +0.129810414 
16 —16.663485579 —1.288044350 +0.479190171 +0.134623106 
7 —17.689382061 —0.741105727 +0.614995783 +0.136470952 
18 —18.100260558 —0.057965339 +0.751055532 +0.135090404 
19 —17.760340229 +0.759977366 +0.884024474 +0.130254883 
20 —16.536948249 +1 707871406 +1.010351359 +0.121779058 
21 —14.304067451 +2.777229: 273 +1.126321941 +0.109522927 
22 —10.946046631 +3.955787251 +1.228106237 +0.093395624 
23 —6.361426288 +5.227414832 +1.311809419 +0.073358870 
24 —0 466828936 +6.572076702 +1.373525973 +0.049430048 
25 +6.799140131 +7.965850333 +1.409396708 +0.021684822 
26 +15.472038604 +9.381001835 +1.415668156 —0.009740715 
27 25.557838798 +4+-10.786122179 +1.388753858 —0.044648408 
28)» 37..029346416 +12.146325446 +1.325297014 —0.082776957 
29 +49 .822849043 +13.423510166 +1.222233937 —0.123801407 
30 =+63.835057760 +14.576684268 +1.076857708 —0.167333239 


determine the deflection u's, and the slope (du’/dg), = y’g for 
the portion B’C of the shell shown in Fig. 4b. These expressions 
are obtained directly from Equations [21] and [22], and would 
be in terms of M’, and V's. 

We now have the expression for the deflections ug and u's, 


for the two parts; also the expression for the two slopes. Re- 
ferring now to Fig. 5a, it is seen that 


and 


dy ¢ = dg 


Also, it is seen from Fig. 5b that for equilibrium of a connecting 
element at the junction 


and 


Observing these sign relations, the two expressions for deflection 
may now be equated, and similarly the two expressions for slopes 
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TABLE 1 (cont'd) 


0 —o +o —o 
0.5 +2.794287183 —2.925680845 +14.921467281 —94.114880941 
1 +2.222855684 —0.324390610 +1.372518257 —5.584067460 
1.5 +2.155654016 —0.044932103 +0.094914872 -—1.027358778 
2 +2.129261862 —0.083876565 —0.192562145 —0.298945419 
2.5 +2.058376105 —0.207275697 —0.285637649 —0.109216040 
3 +1.917207096 —0.360304178 —0.320973688 —0.042036122 
3.5 +1.696250166 —0.524553314 —0.333495782 —0.011376240 
4 +1.392154438 —0.691902353 —0.334432092 +0.006357660 
4.5 +1.004602487 —0.857765073 —0.327974344 +0.018934663 
5 +0.535173785 —1.018939659 —0.315865870 +0.029250102 
5.5 —0.013120616 —1.172823819 —0.298902734 +0.038474168 
6 —0.636048158 —1.317101635 —0.277490008 +0.047099581 
6.5 —1.328260574 —1.449612638 —0.251868148 +0.055330992 
7 —2.083355996 —1.568297491 —0O.222211960 +0.063242816 
7.5 —2.893923583 —1.671178003 —0.188676312 +0.070847812 
8 —3.751582680 —1.756353301 —0O.151418102 +0.078128615 
8.5 —4.647022267 —1.822003864 —0.110607068 +0.085052961 
9 —5.570043496 —1.866399434 —0.066431118 +0.091581340 
9.5 —6.509606725 —1.887908808 —0.019098845 +0.097670992 
10 —7 .453883684 —1.885010487 +0.031159446 +0.103278089 
1l —9.305673521 —1.800518843 +0.139423571 +0.112870848 
12 —11.017338446 -—1.603359788 +0.256087546 +0.120023718 
13. —12.472431049 —1.286406278 +0.378554146 +0.124427138 
14 —13.548725750 —0.845277898 +0.503932965 +0.125805287 
15 —14.121106162 —0.278616258 +0.629076854 +0.123921281 
16 —14.064708813 +0.411678489 +0.750623087 +0.118581531 
17 —13.258282094 +1.220254376 +0.865038641 +0.109639651 
18 —11.587715194 +2.138161542 +0.968669199 +0.096999996 
19 —8.949688059 +3.152756840 +1.057791492 +0.080620806 
20 —5.255390048 +4.247662309 +1.128668596 +0.060516937 
2 —0.434252039 +5.402780216 +1.177607708 +0.036762116 
22 +5.562365751 +6.594366930 +1.201019938 +0.009490688 
23 +12.757589982 +7.795167368 +1.195481574 —0.021101185 
24 +21.145615667 +8.974611208 +1.157796261 —0.054754895 
25 +30.688515025 +10.099071497 +1.085057507 —0.091149373 
26 +41.313336179 +11.132185674 +0.974710894 —0O.129901694 
27 +52.909553844 +12.035238386 +0.824615364 —0.170568322 
28 +65.326933254 +12.767604871 +0.633102939 => 212647009 
29 +78.373866969 +13.287252987 +0.399036201 —0. 255579361 
30 =+91.816242019 +13.551301341 +0.121862890 —0.298754055 


may also be equated. These two new equations when solved 
simultaneously, give the value of Mz and Vz. 

Knowing Ms, and Vz, the numerical values of A, B, C, and 
D may now be computed. By the aid of Equations [32] and 
{33}, Table 1, and these evaluated constants, the moment and 
shear at any point in the tapered portion may be computed. 

For other conditions of restraint, condition equations replacing 
Equations [34] must be set up, and the solution proceeds as 
before. 

For other loadings it is necessary to introduce the load into 
the analysis at the very beginning. 
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An Electrical-Resistance Method of Deter- 
mining the Mean Surface Temperature 


of Tubes 


By JOHN H. MARCHANT,' NEW YORK, N. Y. 


The author describes a new method for determining the 
mean surface temperature of condenser tubes through 
which a steady radial flow of heat occurs. The method 
consists in using the tube itself as a resistance thermome- 
ter. The author explains that when a steady longitudinal 
flow of electricity is superimposed upon the given radial 
flow of heat, the actual current being so small as not to 
involve appreciable Joulean heat, the temperature gradi- 
ents associated with the flow of heat affect the electrical 
resistance of the tube material, and expressions for the 
mean temperature of the inner and outer tube surfaces 
can be derived from applications of physical laws. These 
expressions are derived by the author. 


the mean surface temperature of metallic condenser 

tubes through the walls of which a steady radial flow of 
heat exists, the thermocouple and the imbedded resistance 
thermometer are unquestionably outstanding. Therefore, before 
offering a new method for the determination of such mean surface 
temperatures, it is appropriate to discuss these two methods, so 
that they can be used as a basis of comparison. 

The thermocouple can be used to determine the temperature 
of a point in a surface to almost any reasonable degree of accuracy 
provided it is properly used. For example, suppose that it is 
desired to determine the temperature of a point A on a surface. 
A thermojunction of suitable characteristics is placed in perfect 
thermal contact with the point A by soldering, welding, or peening 
it to that point. The thermocouple, of which the junction that 
is attached to the point A is one element, is then calibrated in 
position by some routine method. From these calibration data, 
a temperature somewhere in the neighborhood of the tempera- 
ture at the point A can be determined. 

The next question that arises is to what degree of accuracy the 
temperature at the point is desired. Suppose that this tem- 
perature must be known to within 0.56 C. The attachment 
of the thermojunction to the point A will change the thermal 
conditions at and in the vicinity of that point, and for this 
reason, it must be borne in mind that the temperature which is 
desired to within a limit of error of +0.5 C is the temperature 
which would have existed at the point A if the thermojunction 
had not been attached.? That is to say, the reading of the 


Cy THE numerous methods used for the determination of 


1 Instructor in mechanical engineering, Columbia University. 

? Here it is assumed that the temperature of the point A remains 
constant over reasonably long periods of time, say of the order of a 
few minutes. 

Presented at the Fourth National Applied Mechanics Meeting of 
THe AMERICAN Society OF MECHANICAL ENGINEERS, held in Pitts- 
burgh, Pa., June 11 to 13, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until May 10, 1937, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


thermocouple must be corrected to account for the various heat 
losses to and from A contingent with the attachment of the 
thermojunction to it. This can usually be accomplished by 
extrapolating these thermocouple data to zero wire size. In 
other words, by suitable experimentation, it is possible to con- 
struct thermocouples of wire fine enough so that the heat 
losses to and from the point A which are introduced by the 
attachment of the thermojunction will not affect the temperature 
of that point by more than +0.5 C under the most unfavorable 
working conditions. 

By an application of the method just described, it would be 
possible to determine the mean surface temperature of an ex- 
tended surface with thermocouples, provided the true weight of 
each point temperature could be associated with that point, 
and provided the attachment of the thermojunctions to the 
surface did not materially affect the heat-transfer conditions 
through the surface. Suppose, for example, that the purpose 
of determining this mean surface temperature is to calculate a 
film coefficient for the surface. In the case of a liquid-to-metal 
film coefficient, this value of the mean surface temperature could 
be used in its calculation, provided the requisite number of 
thermocouple leads passing out through the liquid did not 
materially affect the heat-transfer conditions through the surface. 
On the other hand, suppose a vapor-to-metal film coefficient is 
at issue; then, the situation would necessarily be entirely 
different, particularly if the rate of condensation of vapor on 
the metal surface were high, as would be the case at practical 
rates of heat transfer. This is true because it is a known fact 
that the type of condensate (drop or film) has a large effect on 
the vapor-side coefficients at practical rates of heat transfer; 
and it is equally well known how difficult it is to produce and 
maintain a given type of condensate (particularly film conden- 
sate) in a vapor space in which there is a relatively large number 
of obstructions (thermojunction lead-in wires). Besides, a con- 
sideration of the method of measuring the electromotive forces 
of the thermocouples introduces further and graver complications 
in the case of vapor-side film coefficients. 

If temperature variations of 0.1 C or less are to be detected, 
the thermal electromotive forces of the thermocouples must 
necessarily be measured by a null method, effectively a nul! 
potentiometer. At practical rates of heat transfer, the collec- 
tion of condensate on the thermocouple leads in the vapor 
space at and in the neighborhood of the junction can cause the 
apparent temperature of the junction to fluctuate by as much as 
1 C. These fluctuations are so rapid and so erratic that it is 
impossible to follow them with a null potentiometer, and the 
use of a deflection potentiometer with its time and deflection 
recording is necessitated. 

The imbedded resistance thermometer, by its very nature, is 
restricted to chiefly qualitative use. The electrical insulation 
within which it must be imbedded is generally also a very good 
thermal insulator. This necessarily changes the heat-transfer 
conditions which normally would exist through the tube wall 
if this imbedded insulation were not present. Although a re- 
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sistance thermometer indicates its own mean temperature when 
accurately calibrated, it is impossible to associate this tem- 
perature with any particular position within the tube wall. 
Of course, in some cases, fairly good guessing can be done re- 
garding this position, but this seems to be an unnecessary source 
of error. Besides, the cost of the construction of apparatus 


Steam Inlet 


Cu. Current-Distributing Rings 


Glass Window 


Cu. Condenser Tube 


Pa 


Ground Joint 
Pyrex Glass Tube 


Cooling Liquid 


Fig. 1 APPARATUS FOR DETERMINING MEAN SURFACE TEMPERA- 
TURE OF TUBES BY THE ELECTRICAL-RESISTANCE METHOD 


within which resistance thermometers are imbedded is very 
large; particularly if the apparatus is built for precision work.* 

The problem here at issue is the determination of the mean 
surface temperature of homogeneous condenser tubes through 
which a steady radial flow of heat occurs. The methods dis- 
cussed in the first part of this paper have been considered by 
the author, but it was deemed advisable to look for a method 
which is simpler and, above all, one which would disturb neither 
the surface of the tube nor the rate or mode of heat transfer 
through its walls. In an effort to obviate some of these diffi- 
culties the following method was devised. 

Briefly, the method consists in using the tube itself as a re- 
sistance thermometer. A steady longitudinal flow of electricity 
is superimposed upon the given steady radial flow of heat, the 
actual current being so small as not to involve appreciable 


_ * There is, however, one very useful aspect of the longitudinally 
imbedded resistance thermometer of the type described by E. 
Langen, in the study of the temperature distribution in condenser 
tubes. It gives a good idea of the mean circumferential temperature 
distribution of the tube. On the other hand, the mean temperature 
which it indicates is a mean taken over only a relatively small portion 
of the tube wall. For Langen’s description of the thermometer 
referred to see: ‘‘Der Einfluss des Luftgehaltes auf den Warmeiiber- 
gang bei kondensierendem Dampf,” by E. Langen, Forschung auf dem 
tete des Ingenieurwesens, Ausgabe B, vol. 2, 1931, pp. 359-369. 
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Joulean heat. Since the temperature gradients associated with 
the flow of heat affect the electrical resistance of the tube mate- 
rial, expressions for the mean inner and outer tube-surface tem- 
peratures ¢; and ¢,, respectively, can be derived from application 
of known physical laws as shown by Equations [12] and [13]. 
This proposed method was used in the installation described 
in this paper. 


DESCRIPTION OF APPARATUS 


The apparatus consisted of a cylindrical copper condenser 
tube with an outside diameter of 1.005 in., a length of 1 ft, 
and a wall thickness of 0.031 in. This tube was supported in a 
steam space by means of 1-in. Pyrex glass tubing having a wall 
thickness of about */i, in. The glass tubing was attached to 
this copper-tube test section by means of ground joints each 
having a taper of 1 in. per ft. The glass supporting the tubing 
was used to insulate the condenser tube electrically and thermally 
from the shell of the steam drum surrounding the tube. The 
rise in the temperature of the cooling water which flowed through 
the inside of the copper tube was measured by means of suitably 
baffled copper-constantan thermocouples; and the rate of flow 
of this cooling water through the inside of the test section was 
measured by means of a calibrated orifice. 

The test section was surrounded by air-free saturated steam 
which was produced either by boiling the water that was in the 
bottom of the drum or by means of an external steam generator. 
The average temperature of this steam surrounding the test 
section was determined from steam-table data. The absolute 
pressure was found by combining the reading of a U-tube ma- 
nometer with the corrected barometric pressure. 

The apparatus described here was not intended to yield results 
of high quantitative value; rather, it was built as a working 
model of apparatus to be used in future experimentation. Fig. 1 
illustrates the general scheme of this setup. The values of 
mean surface temperatures as obtained with this apparatus 
were perfectly reasonable, in spite of the assumptions involved, 
and indicate that the method is perfectly practical. 


THEORY OF THE METHOD 


Given a homogeneous metallic tube which is electrically insu- 
lated and through which the radial rate of flow of heat is known. 
The electrical resistance of this tube test section R can be written 
in the form‘ R, = Ro(1 + at). 

Now if the test section were uniformly at a temperature (’, 
the electrical conductance of this test section (¢,’) would be 


— r;?) 


1 + at’ 


= 


where oo = specific electrical conductance of the tube test section 
at 0C; a = temperature (Centigrade) coefficient of resistance of 
the material; ¢’ = temperature of the test section; r;, 7, = 
inner and outer radii of the tube, respectively. However, when 
heat is flowing radially through the tube wall, the test section 
is not at a uniform temperature. Consider then a cylindrical 
shell of this test section at a radial distance r from the axis of 
symmetry and of sufficiently shallow radial depth dr so that the 
radial temperature variation through the shell is negligible. 
The electrical conductance of this very thin cylindrical shell is 


rdr 


dein 
1+ at 


‘If any more accurate results are desired, use R; = Ro(l + at + 


6t?), and so on; and to be consistent use a quadratic calibration 
curve. 
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and the conductance of the whole test section, being the sum- 
mation of the conductances of these various concentric cylin- 
drical shells, is 


no matter what the nature of the radial temperature variation 
through the wall of the test section. 
It is obvious that Equation [3] can be written in the form 


R 1 + Oly, a 8:6 
where = (t; + t,)/2. 


Expanding the integrand of Equation [4] in a MaclLaurin’s 
series, we obtain 


Le 
R + J,, + ate J; 
(t — t,)*rdr 
+ at + at,)? 


5 
where 0 < 1. 


Consider now the case of steady, symmetrical, radial heat 
flow from the outside to the inside of the hollow cylindrical test 
section. In this case, the formula which correlates the tem- 
perature ¢ at a given radial distance r from the axis of symmetry 
of the tube with r is 


where q = radial rate of flow of heat per unit length of test 
section; k = thermal conductivity of the test section; and 
Ty To, tz, tg = inner and outer radii of the tube, and corresponding 
mean surface temperatures, respectively. From this it follows 
that 


t—t, = — 


Substituting in Equation [5], and integrating term by term, 


gives 
R l+at, 4k(1 le 
Gq + f(r, 6,1 + at,,)dr [8] 


where 0 < @ < 1, and eis the Naperian base 2.718. 

For surface temperature measurements of reasonable accuracy, 
it is legitimate to neglect the last term in Equation [8]. Solving 
the remainder of this equation as a quadratic for (1 + at,,) 
and dropping the root of this equation corresponding to the 
negative radical because it does not correspond to a value of 
t,, in the range of our interest, we have 


roo(r,2 —17,;2)R 
1+ at, = 


— rt)? — 


a 2 
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But since ¢,, = (t; + ¢,)/2 


+2 Xx 
2 


k er; 


and from Equation [6] 


—t = 


2rk 


Hence, solving Equations [10] and [11] simultaneously for ¢, 
and ¢; we obtain® 


t, = 
1f (l+at’)? +at’) 

+ leg (12) 
a 

t; = 

l q rl 
- —— log *}..... 
a 2rk [13] 
Rie 
8 
a 
Rsteam 


Time (15-Min. Intervals) 


Fia. 2 


in which ¢’ is an equivalent temperature defined by Equation [1] 
and is such that if the entire test section were at uniform tem- 
perature ¢’ its electrical resistance would be R. Actually ¢’ will 
lie between ¢; and ¢,. 
In Equations [12] and [13], ¢; and ¢, are expressed in terms of 
‘, q, k, and the test-section radii, where t’ = equivalent mean 
iene of the test section to be determined from the re- 


5 By expanding the radical in Equation [9] according to the 
binomial theorem and neglecting the higher powers of [r.? log 
(ro/er;) — 14? log (r;/ero)] than the first, the following expressions 
for t, and t; can be obtained which are independent of a 
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sistance-versus-temperature calibration curve of the test section 
shown in Fig. 3 and explained later in this paper; q = rate of 
heat flow through a unit length of the tube, cal per sec cm; 
k = thermal conductivity of the material of the test section, 
cal per cm sec deg C; r; and r, = inside and outside radii of the 
test section, respectively, cm; and a = temperature (Centi- 
grade) coefficient of resistance of the test section. 


APPLICATION OF METHOD 


The actual determination of the equivalent mean tube tem- 
perature t’ from which ¢, and ¢; are calculated may offer some 
difficulty. In the tests referred to previously, these difficulties 
were overcome in the following manner. Inserted in the elec- 
trical circuit, of which the copper test section was a part, was a 
constant series resistance R, of manganin (used because of its 
low temperature coefficient of resistance), whose constancy was 
further insured by submersion in an ice bath. With the same 
current flowing through the tube and the manganin, these 
resistances are in the same ratio as the corresponding potential 
drops across them. These potential drops being of the order 
of 50 microvolts for a current of 1 amp, as maintained by a large- 
capacity storage battery E shown in Fig. 1 (Willard DD-7-1), 
were measured by a null method using a Leeds and Northrup 
type K-2 potentiometer, which could be commutated from 
across one of these resistances to the other by means of a double- 
pole commutator switch. Precautions were taken in the wiring 
to eliminate thermal and voltaic electromotive forces as far as 
possible. 

Once the electrical circuit was closed, the current J settled 
down to practically a constant value of 1 amp. After this con- 
dition is realized, it follows, as explained previously, that 


in which Pd is the potential drop across the test section, and Pd, 
that across the manganin resistance.® 


CALIBRATION OF THE TEST SECTION AS A FUNCTION 
OF THE TEMPERATURE 


The condenser tube was first packed in a mixture of crushed 
ice and distilled water in a clean container and the electrical 
circuit closed, allowing the current to flow through the tube. 
Pairs of readings of Pd and Pd, were taken at 15-min intervals, 
and these consecutive ratios Pd/Pd, were plotted as a function 
of the reciprocal of the time, as shown in Fig. 2. The intercept 
of this graph on the Pd/Pd,-axis is the ratio of the resistance of 
the test section R to the constant resistance R,, when they are 
both at 0 C, the temperature of melting ice, and is plotted as 
point A in Fig. 3. 

The upper point B of the condenser-tube calibration curve was 
next determined by raising the temperature of the test section 

° Here it has been assumed that Equation [14] is independent of 
the current J. On closer examination, this assumption is perfectly 
reasonable, as it merely means that during the time interval required 
to take any corresponding pair of readings of Pd and Pd, the current 
T must not vary appreciably. Experiment showed that such a 
corresponding pair of readings could be taken in less than 30 sec; 
and that variations in a current of the order of 2 amp, as maintained 
by an ordinary 80 amp-hr storage battery over periods of 15 min, 
could not be detected with a current-measuring device having a 
current sensitivity of 10-12 amp per mm, provided the battery was 
in reasonably good condition and was on the flat portion of its dis- 
charge curve. Further, the current can vary widely between any 
consecutive pair of readings without affecting our assumption that 
Equation [14] is independent of it, since the assumption is not that 
the current IT must remain constant, but merely that it must not vary 
appreciably during any of the 30-sec intervals that are required to 
make a pair of observations on Pd and Pd,. 
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to the temperature of the saturated air-free steam that sur- 
rounded it. That is, the water in the bottom of the drum which 
enclosed the test section was boiled by means of Bunsen flames, 
the drum itself being used as a hypsometer. Pairs of readings 
of Pd and Pd, were taken at 15-min intervals, and their ratio 
Pd/Pd, extrapolated to infinite time as before. The intercept 
is then plotted as point B in Fig. 3. 

As a check of the linearity of the calibration of the test section, 
the slope of the straight line joining the points A and B of Fig. 3 
divided by the ordinate intercept of this straight line should 
equal the temperature (Centigrade) coefficient of resistance a 
of the material of which the condenser tube is made. If this 
value of @ is not available, a point C on this calibration curve 


Potential Difference Ratios Pek 


0 100 
Temperature, C 


Fig. 3 ReEsISTANCE-TEMPERATURE CALIBRATION CURVE OF THE 
Test SEcTION 


between the points A and B should be determined by using the 
boiling temperature or the transition temperature of some 
fixed-point substance in this range. The test section of the 
condenser tube having been calibrated, this calibration curve 
may now be used to determine the equivalent mean temperature 
of the test section under the heat-transfer conditions at issue. 

The apparatus was now set in operation, and such observations 
were made as to determine (1) the temperature of the steam 
space surrounding the tube, and (2) the radial rate of heat 
transfer q through the test section per unit length. The poten- 
tial drops Pd and Pd, were measured under these particular 
heat-transfer conditions, and their ratio used to determine the 
equivalent temperature ¢’ from the calibration curve by routine 
interpolation. 

Having determined the equivalent mean tube-wall tempera- 
ture ¢’ corresponding to the heat-transfer conditions at issue, ¢, 
and ¢; can be determined directly by substituting in Equations 
[12] and [13], respectively. 


CONCLUSION 


The tube-wall resistance method for determining the mean 
surface temperature described in this paper is superior to such 
methods as those using attached or imbedded thermocouples, 
or imbedded resistance thermometers, since there is always some 
question regarding the temperature which such devices actually 
measure; besides, its use disturbs neither the heat transfer nor 
the surface conditions at issue. 

In contrast to the mean tube temperature as measured by 
imbedded resistance thermometers, as described by Langen,? the 
equivalent mean tube temperature ¢’, indicated by the tube- 
wall resistance method described in this paper, is a sort of sta- 
tistical mean as integrated throughout the entire tube wall; 
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aud this equivalent mean tube temperature ¢’ is, therefore, more 
representative of heat-transfer conditions existing throughout 
the wall of the tube. For example, if even a droplet of con- 
densate were to collect on the outer surface of the tube, this 
droplet would lower the rate of heat transfer through that portion 
of the tube wall directly in contact with the droplet, and this 
might cause a local decrease in the tube-wall temperature. As 
the temperature of this shielded portion of the tube wall de- 
creases, the resistance of this portion of the tube will also de- 
crease, and so on throughout the entire tube; local changes in 
the resistance follow their corresponding local temperature 
changes. With this in mind, the significance of the equivalent 
mean tube temperature ¢’, as integrated throughout the entire 
tube, becomes at once apparent. It will be recalled that it is 
in terms of this temperature ¢’ that 4; and ¢. are defined. 

It is believed that this general method for the determination 
of mean surface temperature is new. It has been developed with 
the heat-transfer worker in mind and is presented here in its 
simplest form, for the sake of clarity. If more accurate formulas 
are required corresponding to thicker tubes, the method herein 
outlined is perfectly straightforward. 

The author is cognizant of the fact that the longitudinal 
temperature traverse along the test section is not negligible; 
and it is hoped that this paper may cause the publication of 
data describing the longitudinal temperature traverse of a con- 
denser tube on the outside of which a vapor is condensing and 
through which a cooling liquid is flowing, or vice-versa, for 
various practical heat-transfer rates. When such data become 


available, their incorporation into the method herein described 
will give a very accurate procedure for determining mean sur- 
face temperatures, which will be entirely free of the disadvantages 
of those which are at present in vogue.’ 

This method was conceived by the author while he was work- 
ing at Cornell University, under the direction of Prof. H. Diede- 
richs; and it is being used there by Prof. F. G. Baender in con- 
nection with heat-transfer work which he is doing at the present 
time. 

Acknowledgment is due Dr. J. F. Downie Smith of Harvard 
Engineering School for many helpful suggestions in connection 
with this work. 


7 In Equation [4] the author has been forced to assume that there 
is no temperature variation along the length of the test section, 
simply because there are not sufficient data available that would 
enable him to determine the form of this temperature traverse. If 
the form of this function were known, Equation [4] would take the 


form 
1 + at Tube 


where d@; represents the conductance of an annular ring of radial 
depth dr and length dl when integrated radially, and refers to its 
reciprocal when integrated along the length of the tube, and would 
involve the longitudinal as well as the radial temperature traverse 
of the tube test section. From this point on, the method of solution 
would be analogous to that used in this paper, and the resulting 
values of the mean inner- and outer-wall surface temperatures, (, 
and ¢,, respectively, would be free from the assumption that there is 
no longitudinal temperature variation along the tube. 
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Design of Members Subjected to Creep 
at High Temperatures 


By JOSEPH MARIN,' NEW BRUNSWICK, N. J. 


The author discusses the stresses in machine and struc- 
tural members subjected to high temperatures as deter- 
mined by theories advanced by Bailey? and St. Venant, the 
latter of which has been stated by Soderberg.’ He com- 
pares the results obtained by the application of these two 
theories, and shows that the results from each theory 
agree equally well with test results. Finally, various 
cases of thin tubes and the problem of the thick cylinder 
are considered, using each theory. 


subjected to stresses and at the same time to a high 

temperature. Under such conditions there is produced 
with time a plastic deformation or creep. This creep is often of 
such magnitude that it is the quantity which determines the 
value of the working stress to be used for a design. To determine 
this working stress for all cases it is convenient to first consider 
the case of simple tension. With this as a basis, a solution can 
be made for the cases of members subjected to combined stresses 
accompanied by creep. Two theories have been developed for 
this purpose. One formulated by Bailey? and another based on 
the work of St. Venant and stated by Soderberg.’ This paper 
deals with a comparison of these two theories. It is shown that 
there is little difference between the creep values as determined 
hy each theory. A comparison with test results shows that, within 
the limits of the available experimental results, both theories 
agree equally well with these results. Finally, various cases of 
thin tubes and the problem of the thick cylinder are considered 
using each theory. The conclusion, on the basis of these cases is 
that there is little difference in the final designs by these two 
theories; however, there is an advantage of the Soderberg theory 
in that the expressions for the creep rates are less complicated. 


ie ARE machine and structural members which are 


Srress 


For simple tension the working stress « has been shown by 
Ruilev® and others to be satisfactorily defined by 


where A and n are experimental constants for the particular 
temperature considered and C is the constant allowable plastic 
unit deformation per unit time referred to as the creep rate. 


‘ Assistant Professor of Engineering Materials, Rutgers University. 

2“‘The Utilization of Creep Test Data in Engineering Design,” 
by R. W. Bailey, Proceedings of the Institution of Mechanical 
Engineers, vol. 131, November, 1935, pp. 131-349. Also, an abstract 
of the paper: ‘Design Aspect of Creep,’”’ by R. W. Bailey, JouRNAL 
or AppLiep Mecuanics, Trans. A.S.M.E., vol. 58, March, 1936, p. A-1. 

’ Discussion by C. R. Soderberg of ‘‘Design Aspect of Creep,” 
by R. W. Bailey, JournNaL or AppLiep Mecnanics, Trans. 
A.S.M.E., vol. 58, December, 1936, p. A-150. 

Presented at the Fourth National Applied Mechanics Meeting 
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Experimental data are given by Bailey to show that Equation [1] 
is a good approximation. With the case of simple tension as a 
starting point it is now convenient to consider the case of com- 
bined stresses. 


CoMBINED STRESSES——STATEMENT OF THEORIES 


For the general case of combined stresses, the stresses can be 
completely defined by three principal stresses, o:, o2, and a3. 
Furthermore, let the creep rates in the direction of these stresses 
be, respectively, Ci, C2, and C;. Then it will be considered neces- 
sary in a design that these creep rates be equal to or less than the 
allowable creep rate C in simple tension. It is also necessary tc 
determine the values of the creep rates C,, C., and C; in terms of 
the principal stresses. To determine the creep rates in terms of 
the principal stresses a hypothesis must be assumed. This is 
analogous to the formulation of a failure theory in the case of 
static loads at normal temperatures. For the case of creep, two 
theories are available, one recently formulated by Bailey? and 
another based on the work of St. Venant and stated by Soder- 
berg.* These theories will be referred to in this discussion as the 
Bailey and modified St. Venant theories, respectively. It is con- 
venient to first state these theories. A comparison will then be 
made with tests and in their application to design. 

Modified St. Venant Theory. St. Venant with the experiments 
of Tresca as a basis, derived a theory for determining the plastic 
deformations in terms of the principal stresses. This was done 
for the two-dimensional case. In the same way the principal 
creep rates C,, C,, and C; for the three-dimensional case of stress 
can be determined based on the following three assumptions: 
(1) That the directions of the principal creep strains coincide 
with those of the principal stresses at all times. (2) That the 
volume of the material remains constant. Then, if e:, e2, and es 
are the creep values in the direction of the principal stresses 
and for constant volume 


(3) That the three principal shear creep strains are proportional 
to the principal sbear stresses, that is 


= = k; = a constant... [3] 
03 


— 


These three assumptions are equivalent to those given by St. 
Venant. It follows from Equations [2] and [3] that the prin- 
cipal creep strains are 


= 


3 
ky 
3 [(o2 — a3) 


[4] 


eo = 


These relations were obtained by St. Venant for the two-dimen- 
sional case of stress. If constant creep rate be assumed, then the 
creep rates are proportional to the creep strains and from Equa- 
tions {3] their values are 
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k 
Cs = — 01) — (2 — 
where k, = k,/t, and t is the time. 
The creep rates defined by Equations [5] must apply for the 
limiting case of simple tension. For tension C; = C, and o: = 
o; = 0. Then from Equations [5] 


[5a] 
3 

That is, by St. Venant’s theory the creep rate C is proportional 
to the stress «. We have, however, considerable test data to 
show that the creep rate is proportional to the stress raised to 
some power n as defined in Equation [1]. The conclusion must 
then be that previously stated condition (3) is incorrect. To 
modify this theory so that the limiting case of simple tension is 
satisfied, it will be assumed that k, is not a constant but a func- 
tion of the principal stresses. To determine this value of hk; it 
will be assumed that there is a stress value o in simple tension 
such that the rate of dissipation of shear energy is equal to that 
in the case of combined stresses. Such a stress o will be called 
the equivalent tensile stress. Then if V be the dissipated shear 
energy in a time t, the rate of dissipation of shear energy is 


7 
: [(o1 — + (02 — os)? 


t t t 3 
+ (03 — 0;)?]........ (6) 


where U = the total dissipated energy = oie: + o2€2 + os€3 = 
(2k, /3) [(o1 + 3)? + (o3 — o1)?] from Equations 
[4], and U, = energy to change volume = 0 from Equation [2]. 

For the equivalent tensile stress the rate of dissipation of shear 
energy is, from Equation [6] 


Then the value of the equivalent stress in terms of the principal 
stresses from Equations [6] and [7], is 


1 
— 02)? + (02 — a3)? + (63 — ... [8] 
That is, o is a stress value in simple tension which would pro- 
duce the same rate of dissipation of shear energy as in the case of 


combined stresses. The creep strain corresponding to this stress 
o, from Equations [4], is 


This defines the value of k; in terms of the equivalent tensile 
stress and creep strain. Knowing k;, the values of the principal 
creep strains, from Equations [4], are 


— a2) — — a1) ] 


= — os) — (a; — 


= — 01) — (o2 — 
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The corresponding creep rates are obtained by dividing values 
of the creep strains in Equations [10] by ¢. Then, since e/t = 
C = Ao", the values of the principal creep rates, from Equations 
[8] and [10], are 


A 
2 2 
A 
| [(o + (02. — a3)? 
9 [11] 


+ 03) — — o2)) 


C; = a2)? + (a; — a3)? 
Q 
n—1 


+ (o3 2 


[(os — 01) — — | 


That is, knowing the values of the principal stresses and the 
experimental constants A and n of the material, the creep rates 
in the directions of the principal stresses are completely defined 
by Equations [11]. 

Bailey’s Theory. Bailey’s theory* also defines the principal 
creep rates in terms of the principal stresses. They are 


A 
+ (63 — — o2)"— 2™ — (a; — 0)" 


+ (a3 — — o2)" — 2™ — (63 — a1)" 


A 
Ca = (lor — + (02 — 4)? 


+ — — 01)" — 2™ — (02 — 03)" 2™] 


In this theory three experimental constants A, m, n need to be 
determined in place of the two required by the St. Venant theory. 
The additional constant m is to be determined by a torsion test. 

It is now of significance to compare these two theories with 
tests made in creep under combined stresses. 


CoMPARISON OF THEORIES WITH EXPERIMENTS 


Creep tests of lead tubes subjected to torsion were made by 
Jamieson. These results were interpreted by the author so 
that they could be compared with the previously mentioned 
theories. In this interpretation the log of the shear stress is 
plotted against the log of the minimum creep rate as shown in 
Fig. 1. In this way a comparison can be made with the theories. 
Inspection of Fig. 1 shows that both theories are in good agree- 
ment with the test results. The maximum difference between the 
creep rates by the two theories is about 35 per cent. 

Lead tubes subjected to internal pressure and axial loading 
were tested by Bailey.?- With such a loading, a study was made 
of the creep behavior for various ratios of the principal stresses. 
A comparison between the results of these tests and the theories 
is given in Fig. 2. An examination of Fig. 2 shows that there is 
little difference between the test results and the creep values 
required by the theories. 


4“An Investigation Relating to the Plastic Flow of Lead,” by J. 
Jamieson, Ph.D. thesis, University of Michigan, 1933. 
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Steel tubes subjected to axial tension and torsion accompanied 
by creep were also made by Bailey.2. The ratio of the axial 
tension to torsion was varied in these tests so that the effect of 
variation in the principal stresses could be studied. For loads 
used in these tests the two theories give creep values which are 
almost identical in value, the differences being so small that they 
cannot be shown by the scale used in Fig. 3. Fig. 3 shows that 
the agreement between the theories and tests is apparently good, 
particularly for the experiments on the 0.45 per cent carbon steel. 

Three tests on lead tubes subjected to simple tension, torsion, 
and combined torsion and tension were made by Everett and 
Baker. The interpretation of these tests by the previously men- 
tioned theories shows that both theories are in equally good agree- 
ment with the experimental results. 

The conclusion from the foregoing comparison between theo- 
retical and experimental results is that, within the limits of the 
existing test data, each theory is in equally good agreement with 
the experimental values. It is apparent, however, that there is 
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Fie. 2 Comparison or THEORETICAL VALUES WiTH RESULTS OF 
Creep Tests or LEAp Tuspes SUBJECTED TO AN AXIAL LOAD AND 
AN INTERNAL PRESSURE 
(Test results from Bailey.) 


need for further experimental work in this problem. Further 
tests may give the same conclusion since the difference between 
the theories is comparatively small. This is shown by comparing 
the creep rates as defined by each theory for the two-dimensional 
case of stress. For this purpose let the creep rates as determined 
by the St. Venant theory be Ciy, Czy, and Cy and their values 
by the Bailey theory be Cig, C2g, and C33. Fig. 4 shows the varia- 
tion in the creep-rate ratios R: = Ciy/Cig, Re = C2y/C2p, Rs = 
Ciy/Csg, and the stress ratio o2/o3. For the two theories to coin- 
cide, the value of R, = R, = R; = 1. Fig. 4 shows that the de- 
parture from this value is comparatively small. This indicates 
that perhaps there is little difference between the two theories. 
However, it is of more significance to determine the differences 
resulting in designs by the two theories. This is considered in 
the following applications. 


Private communication. 
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APPLICATIONS 


(a) Thin-Walled Cylinder Subjected to Internal Pressure and Axial 
Loading. In many practical problems there occurs the design 
of thin-walled cylinders subjected to internal pressure and axial 
loading accompanied by creep due to high temperatures. Such 
are the cases of steam piping and tubes of various kinds. In the 
design of such members, it is necessary that the creep in a speci- 
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Fig. 3 CoMPpaARISON OF THEORETICAL VALUES WITH RESULTS oF 
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Fie. 5 BeTweEN THICKNESS OF TUBE AND LoaD 
RATIO a 


fied time shall be made less than an allowable value. This can be 
done by specifying an allowable creep rate as explained in the 
following analysis. To do this consider a cylinder of internal 
radius 7, external radius r,; and thickness T subjected to an in- 
ternal pressure p and axial load F. Then the principal stresses 
2, in the circumferential direction and o;, in the axial direction 


are 
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i 
where c’ = the stress due to the axial load F = F/2xr,7', and 


F 1 


The stress ¢; can be assumed equal to zero for thin tubes. By the 
St. Venant theory, creep rates C;, C2, and C; in the radial, circum- 
ferential, and axial directions, from Equations {11] and [13], are 


= (™) lat — a + (1 | 


[(a? —a + 1) (2—a)] 


2\T 


Placing the values of the creep rates C,, C2, and C; equal to the 

allowable creep rate C,, in simple tension, the required tube thick- 

ness is defined by maximum value of 7’ in Equations [14]. That is 
T 
T = Bi(at—a + 1)"—/2 (2 — a) 


c,=4 + 1)— (2a—1)] 


or 


T = Bi(at*—a + (2a — >. . [15] 
1/n 
A 
where B = pr; (4) | 
The governing value of 7 depends on the load ratio a. For 


convenience a plot is made in Fig. 5 showing the variation in 
thickness 7 for varying values of the load ratio a. The calcula- 
tions were made for values of n = 6, m = 2 which are recom- 
mended by Bailey? for a medium-carbon steel. The maximum 
required values of T' are indicated by the heavy solid line in Fig. 
5. In the same way the required thickness of tube by the Bailey 
theory, from Equations [12] and [13], is 

T = Bi(a*— a + 1)" {1 + — 2m} 

T = Bi(a*—a + 1)™ {(1— — 2™ — 1} (16) 


or 
T = B(at + 1)™{a® — 2™ — (1 — — 2m} 


The variation between the thickness and load ratio as required 
by this theory is indicated by the dash lines in Fig. 5. A com- 
parison between the maximum thickness as required by the two 
theories shows a maximum difference of 12 per cent. 

(b) Thin-Walled Cylinder Subjected to Internal Pressure and Pure 
Bending. There are applications in practice of thin tubes sub- 
jected to an internal pressure p combined with a pure moment 
M. Such loading produces an axial stress o; and a circumferential 
stress o;. For a thin-walled cylinder the radial stress o,; can be 
considered equal to zero. The creep-rate values are then the 
same as in the previous example; if for the axial stress o; we 
substitute the corresponding stress (o2/2) + o,, where o2/2 
is the axial stress due to the internal pressure p, and o, is the 
stress on the fiber due to the moment M. Then placing o; = 
ao, = (02/2) + o, the values of the thickness required by 
each theory are as in the previous case and are defined by Equa- 
tions [15] and [16]. Fig. 5 thus gives the variation between the 
thickness and load ratio. 

(c) Thick-Walled Cylinder Subjected to Internal Pressure. For 
cylinders subjected to high pressures, the thickness is no longer 
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small compared to the inside or outside diameter. In such cases, 
the stresses previously determined for a thin-walled cylinder 
cannot be used, since the stress o, is no longer uniform throughout 
the thickness and the radial stress o, is not negligible. Let the 
internal radius be m, the external radius 7, the thickness 7’, and 
the pressure p, as before. An analysis has been made by the 
author, using the St. Venant theory for determining the thick- 
ness required for a pressure p and a working stress o,. The 
analysis shows that the thickness is defined by 


Pon 2 


where o, is the working stress corresponding to an allowable 
creep rate in simple tension = C,. The analysis follows a method 
which is similar to that used by Bailey.?- By the Bailey theory 
the thickness 7’ required for a pressure p is defined by 


[18] 
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Fic.6 RewLatTion BETWEEN Pipe THICKNESSES AND WORKING 
STRESSES IN THE PIPE 


The variation in the thickness with the pressure p is shown in 
Fig. 6 for both theories by plotting values of 7'/r: versus o,/p. 
For values of n = 6, m = 2, as recommended for medium- 
carbon steels, the difference in thickness required by the two 
theories is too small to plot. Fig. 6 shows however that by in- 
creasing the value of n to 12 there results a difference. However, 
there are no test data to show that values of n = 12 and m = 
2 are consistent with experiment. 

A comparison of the foregoing designs by the two theories 
indicates that it makes little difference which is used. Available 
test results show that each theory is equally applicable. How- 
ever, an advantage in the use of the St. Venant theory is that the 
expressions for the creep rates are not as complicated as in the 
Bailey theory which requires the determination of three experi- 
mental constants A, m, and n whereas the St. Venant theory re- 
quires only A and n. For these reasons the author recommends 
the use of the St. Venant theory. However, it should be men- 
tioned that more experimental work is necessary before a definite 
conclusion can be reached. 
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The Torsionless Bending of a Hollow 
Beam by a Transverse Load 


By W. L. SCHWALBE,'? URBANA, ILL. 


The author discusses the bending of hollow beams when 
subjected to transverse loads, and points out that shearing 
stresses and strains in the cross sections are necessary, 
and a particular longitudinal section remains plane only 
if the resultant of the shearing stress, and hence the 
plane of the applied bending moment, possesses a parti- 
cular location. The author determines the location of this 
resultant shearing stress by applying a method based on 
St. Venant’s theory. Applications of the method are made 
to two hollow sections. One of the sections is that of an 
equilateral triangle which serves as a measure of accuracy 
for the numerical work presented by the author, since the 
location of the resultant of the shearing stresses is known 
by symmetry. 


N BENDING which is free from torsion, at least one longi- 

tudinal section of the beam remains plane when the beam 

is sufficiently fixed at its supports. If the beam is under the 
action of couples the bending is ‘“‘pure’’ and all the sections 
parallel to the plane of bending remain plane. Shearing stresses 
and strains do not exist in the cross sections in that case. How- 
ever, when bending is caused by transverse loads, shearing stresses 
and strains in the cross sections are necessary and a particular 
longitudinal section remains plane only if the resultant of the 
shearing stress, and hence the plane of applied bending mo- 
ment, possesses a particular location. The method used by the 


Ip 


Fic. 1 Canrinever, BEAM oF ConsTANT Cross Section WITH 
Loap P at Free Enp 


author for determining this location is based upon the theory 
of bending as developed by St. Venant. Applications to two 
hollow sections are made in this paper to illustrate the method, 
the equilateral triangular section serving as a measure of ac- 
curacy for the numerical work since the location of the resultant 
of the shearing stresses is known by symmetry. 


ToRSIONLEsSS BENDING—Porsson’s Ratio ZERO 


Fig. 1 shows a cantilever beam of constant cross section acted 
upon by a load P at the free end. The origin of coordinates is 
at the centroid of the section which is fixed. The z-axis, which 
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may be any axis of the cross section, is taken as the neutral axis. 
Then the plane of the moment of the load makes an angle a 
with the z-axis as shown in Fig. 2. The tangent of a equals 


u -u-Surface 
Be” 
uj 


v-Surtace’ t 


Fic. 2 SuRFACES U AND 0 AS MEMBRANES WITH PRESSURES PER 
Unit AREA OF Pi AND RESPECTIVELY 


I,,/1, wherel,, = J zy dz dy andl, = f y*dzdy. It is as- 
sumed that the following conditions as to normal and shearing 
stresses hold 


o, = My/R,o, = o, = 0, = {1] 


where o, = normal stress on a cross section; o:z,¢, = normal 
stresses on longitudinal sections parallel to z and y, respectively; 
tz, = shearing stress on a section perpendicular to x in the 
direction y; M = —P (l—z); and R? = J?,, + I,. 

The elastic constants of the materials are: E = modulus of 
elasticity in tension and compression; G = E/(2(1 + u)] = E/2 
= modulus of elasticity in shear; and » = Poisson’s ratio = 0. 

The strains under the conditions set, are 


= 0,¢° = 


From the equations of equilibrium it is found that the shearing 
stresses r,° and r,° in a cross section in directions x and y, respec- 
tively, are functions of z and y only, and that 


0 
(2) 
ox oy oz R 
From the equations of compatibility results 
(2w,°) = GC' (3) 


where w,’ is the angle of twist of an element, with respect to the 
z-axis, and C° is a constant of integration. If the bending is to 
be torsionless, the angle of twist per unit of length must be zero. 
Hence, C®? = 0. Longitudinal sections of the beam, parallel to 
y, then remain plane. The distance e of the resultant of the 
shearing stresses from the centroid of the section is found from 
the principle of moments 


Pe= SS — 1,%y) dx dy 
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The bounding surface of the beam is free from stress, therefore 


where ds is an element of length along the boundary of the cross 
section. 

Stress Function B. For the solution of Equations [2] and [3] 
subject to the condition of Equation [5], the stress function 
B(z, y) is introduced. Let 


oB oB Py? 
o= —, 6 
or (6) 
Equation [2] is satisfied identically, and Equation [3] becomes 
eB 
For the boundary, Equation [5] becomes 
Py? 
op [3] 


The expression of moments, Equation [4], is then 


oB Py? oB 
SSA ox oy | aay. 


By a partial integration, Equation [9] may be written 


P 
Pe = ds + 2Vz, — oR {10] 


8 


Ve=JSS Badzdy 
It, = SS y*x dx dy 
and 6 denotes a line integral over complete boundary. 


where 


TORSIONLESS BENDING—EFFEcT OF Porsson’s RATIO 


For » + 0 the shearing-stress system is represented by com- 
ponents r, and 7,. The strains are now «, = ¢, = (u/E)o, 
and «, = (¢,/E). The equations of equilibrium show that 
7, and r, are independent of z and that 


or, Or, oM y 
From the equations of compatibility 
or, oF, re) —Px 
The boundary condition is 
dy dz 


The effect of Poisson’s ratio » on the shearing stresses is given 
by the differences 


Tz = 7, —1,° 
[14] 


The equations that these stresses satisfy are found from Equa- 
tions [2] and [11] to be 
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from Equations [3] and [12} 


or, 


Stress Function T. For the solution of Equations [15] and 
[16], subject to Equation [17], let 7 be a function of z and y 
such that 


oT oT 
[18] 
oy Ox 
Equation [15] is satisfied identically, and Equation [16] becomes 
oT oT 
1 
R ( 1 + 
with the boundary condition 
20) 


From Equations [15], [16], and [17], or [19] and [20], it is 
evident that the shearing stresses due to Poisson’s ratio constitute 
a torsional system for which 7 is the torsion function. If the 
bending is to be torsioniess, or in other words if at least one 
longitudinal section is to remain plane, the constant C must 
have a value so that (dw,’/0Z) is zero for some value of z, 
say 2p. 


Then 


Pxo 


The cross section then does not rotate as a whole and the re- 
sultant of the shearing stresses r,’, 7,’ consists of two couples 
which balance. It follows that the moment of this stress system is 
zero or 


SS — dt dy = (22) 


Consequently the location of the resultant of the stress system 
tz, r, and therefore the plane M, is given by Equation [10]. 


Tue SeEctTIon 


The function B in Equation [10] is subject to the boundary 
condition of Equation [8] which, when integrated, is 


2 dz + const........... 23) 
B Efi dz + const [ 


The constant of integration may be put equal to zero for the 
outer boundary without affecting the stress system, and for 
convenience, equal to (P/2R)t along the inner boundary. 

For the determination of ¢ and the volume integral V, for 
particular sections for which B is an unknown function, it is 
convenient to introduce two auxiliary functions of z and y, u and 
v, such that 


Then 


1\ 21) 
GR (: 


’ 
€ 


1 
quations [5] and [13] 
d 
z — — | 
. 
[9 
| 
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2 
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and 


where, for any closed curve C, in the cross section, » is the inner 
normal. 

Since B satisfies the condition of mean curvature equal to 
zero (Equation [7]}) its first partial derivatives are small quanti- 
ties, and since its boundary values at a given point are propor- 
tional to the load P, if P is made a small quantity, then the slopes 
to the surface B remain small. It is legitimate then to select u 
and v so that these surfaces satisfy the same conditions as to 
slopes as does B. Accordingly we put 


Au = 0, u = ap JS y? dx for the outer boundary 
| 
u; = 0 for the inner boundary | 
[27] 
Av = 0, % = 0 for the outer boundary 
_ t for the inner boundary 
= — 
and ¢ may then be computed from 
ds (28) 
on On 


for the outer boundary. 

Fig. 2 illustrates the u-surface and v-surface of Equation [27] 
as membranes with pressures per unit of area p, and pz, respec- 
tively, on the area A; over the hollow part of the section re- 
garded as rigid. If py) = —p. then the superposition of the 
u- and »-membranes results in the B-membrane with pressure 
equal to zero. 


X2 
mn m,n+/ 


Fic. 3 APPROXIMATION OF u-VALUES BY PARABOLAS IN THE INTER- 


VALS 1, Yi, 


For the numerical evaluation of t and Vy, the surfaces u and v 
are approximated by difference surfaces; for example Au = 0 is 


approximated by 
(2) (2) 


in which u is approximated by parabolas in the intervals x;, 22, 
Yi, Yo Shown in Fig. 3, and the second partial derivatives of u at 
the point (m, n) are 


2{ um + 1,0 — Umyn (41 + 2) + 22} 


. [30] 
+ 22) 
and 
2 +1 — Umin (Yr + + .. [31] 
dy? (yi 
The v-surface is approximated in a similar way. The values 


Umny Umn, are computed from an arbitrary set of initial values 
at the interior points (m, n) by repeated use of the approximating 
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equations, until the values become fixed. That the successive 
values of the function converges to the solution of the differential 
equation with given boundary values, as the intervals z and y 
approach zero, has been shown by a number of authors.?? 


The boundary integral for u in Equation [28] is written 


= f dx + f2 — dy and approximated by expressions of 
0 
4 3 
the form Xo ee = Az, where uo is the value on the 
y 


boundary, wu: is the value at Az, and wu, is the value at 2 Az, from 
the boundary. Similar expressions are found for the v-integrals. 


Fig. 4 Conpitions ror 4 HoLtow RECTANGULAR SECTION 


Hollow Rectangular Section. For this section the axis of sym- 
metry is taken as the z-axis as shown in Fig. 4. Then /,, = 
R = I,, and the load P is parallel to the axis y. Equation [10] 


becomes 
rem Br ds + 2 Vg — [32] 
O+% 
To simplify the computation somewhat, B is replaced by 
P P 
in which ¢ satisfies Ag = 0 with boundary values 
go =9de— fytdr = 0... [34] 
for y = + 3d, and 
=5dr+t..... . [35] 
fory = + 2d. 
Letting ¢ = u + », the approximating equation for u, for inter- 
vals = %2 = = = Ax = Ay, is 
4Umn = Um Um + Umn—1 + [36] 


with boundary values uw = 0 and u,;/5d* = z. 
values u/5d° for an interval Ar = 
value indicates addition of 0.005. 
interval Ax = Ay = d/4. 

Figs. 7 and 8 show the values of v/t computed from the ap- 
proximating equation for vm,, 


Fig. 5 shows the 
Ay = d/2. A line over the 
Fig. 6 shows the values for an 


40mn = Um + Um Umn— 1+ OCF [37] 
with boundary values » = 0, »;/, = 1 


Table 1 shows the results of the computations. In comput- 


2 “(ber Randwertaufgaben bei partiellen Differenzengleichungen,”’ 
by R. Courant, Zeitschrift fiir angewandte Mathematik und Mechanik, 
vol. 6, August, 1926, p. 322. 

angeniherte Ermittelung harmonischer Funktionen und 
konformer Abbildungen,”’ by H. Liebmann, Sitzungberichte Physika- 
lisch-Mathematische Klasse d.K. Bayerischen Akademie der Wissen- 
schaften, vol. 47, 1918, p. 385. 
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ing the boundary intervals, Simpson’s one-third rule was used. 
Volumes under the surfaces u, v were computed by averaging 
the four ordinates at the corners of the element of area Az. Ay = 

Hollow Equilateral Triangular Section. The section is shown 
in Fig.9. Here the function B was put equal to 


P 
B= — 38 
ar. [38] 
The equation for the outer boundary is 
h 1 = 
=—-,y = =b| -— — }............ 
3. 2h (39) 


and the equation for the inner boundary is 
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The boundary values for ¢ become 


fx x? 


= 3 3. an 4h [41] 


The approximating equations for the intervals used, are 
8 = Untin + + 3 Umnti $3 Umn—-1.... [43] 
8 = Um + Um + 30m nt1 + [44] 
Figs. 10 and 11 show the values obtained by these equations for 


the u-values and v-values, respectively. Table 1 shows the 
results. 
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Recent Research Work in Lubrication 


By G. B. KARELITZ,' NEW YORK, N. Y. 


REVIVAL of general interest in the problems connected 
A with lubrication and bearing design could be discerned 
during the past few years. This has resulted in investi- 
gations being conducted in different directions. Rapid develop- 
ment of solvent oils and new bearing materials has spurred re- 
searchers with a view to explaining the physical phenomena 
causing friction and the properties influencing lubricating 
qualities of lubricants. This review will attempt to describe 
the tendencies in lubrication research. The references are 
given in order to illustrate these, rather than to present a com- 
plete bibliography of recent work on lubrication. 


HypROpYNAMIC THEORY 


The equations of the theory being rather involved, further ef- 
forts have been made to simplify the application of the results to 
actual design of bearings. Baudry and Tichvinsky (1)? have 
considered a bearing as a plane bearing, and show that this as- 
sumption is satisfactory for most engineering applications; they 
show that it is possible to maintain optimum conditions of per- 
formance for a wide variation in the clearance ratio. Dennison 
(2) extended design charts to bearings with low values of film 
thickness such as obtained in internal-combustion engines. He 
analyzed the friction torque in bearings and compared this with 
such bearing-friction measurements as were available. Hersey 
(3) continued his efforts to present an integrated account of the 
present state of the theory of lubrication. This series of articles 
gives a historical review, and discusses measurement of viscosity 
by friction and efflux, phenomena in load, carrying oil films, and 
dimensional analysis. He further consolidated his work in the 
form of a book (4). This little volume fills a long felt need in the 
art, and is supplied with a comprehensive bibliography.® 

Further work has been done toward experimental verification 
of the conclusions reached on the basis of theory. Thomson 
(5) reported his extensive tests on a central brass, where he 
measured journal displacements, pressure distributions in the oil 
film and coefficients of friction under various conditions of load and 
speed. Clayton and Jakeman published their careful and ex- 
tensive tests with a 2-in. bushing (6). They also measured the 
eccentricity of the journal in the bearing, and the friction. They 
then compared these with computed theoretical values. The 
integration of equations of oil flow in a bearing has also been 
given attention. Waters (7) has dealt with this subject while 
Vogelpohl (8) suggested the application of the Ritz method to 
the solution of the Reynolds equations for a bearing of finite 
length. Bueche (9) showed that the operation of roller bearings 
could be analyzed in the light of the hydrodynamic theory, the 
measured friction torque comparing satisfactorily with the com- 
puted value. 


VISCOSITY 


Considerable interest has been shown in a proper interpretation 
and presentation of data on the viscosity of various lubricants. 
Researchers have continued attempts to evolve charts and co- 
efficients whereby the temperature-viscosity characteristic of 


1 Associats Professor, Department of Mechanical Engineering, 
Columbia University. Mem. A.S.M.E. 

? Numbers in parentheses refer to Bibliography at the end of the 
paper. 

3 See review of Hersey’s book, ‘‘Theory of Lubrication,’’ which is 
published elsewhere in this issue of the JouRNAL or AppLieD MeE- 
CHANICS, 


lubricants could be conveniently described for various oils. 
Hersch, Fisher and Fenske (10) give, for instance, the viscosity- 
temperature characteristics of lubricating oils from Pennsylvania 
fields. They analyze these and recommend that a “kinematic- 
viscosity index” be introduced, as a convenient characteristic of a 
given petroleum lubricant. They advocate that the physical 
unit “centistoke’’ be used, rather than the commercial seconds 
Saybolt. Bacon (11) reports exhaustive tests on the application 
of the falling-sphere method. He used spheres of */¢ in. to 5/1. 
in. diameter, and tube diameters from 3 to 50 times the diameter 
of the sphere, and found that the Faxen formula seemed to give 
the absolute viscosity as accurately as the usual methods where 
viscosity is determined by flow through capillary tubes. Wiggins 
(12) suggests the introduction of a fractional viscosity-tempera- 
ture coefficient (An/At)/n as a characteristic, and gives values of 
this coefficient for a number of Pennsylvania and Gulf oils as well 
as for a series of hydrocarbons. Wiggins made the analysis in 
line with his attempt to show the connection between the con- 
stitution and viscosity characteristics of a lubricant. Mikeska 
(13) compounded synthetically a number of hydrocarbons and 
measured the viscosities of the several series. He proved that the 
viscosity increased with complexity of the ring, while the slope 
of the viscosity-temperature curve was affected considerably less 
by the constitution of the liquid. In line with the desire to 
specify the absolute viscosity of lubricants, more work has been 
done on instruments measuring absolute viscosity directly. 


BouNDARY LUBRICATION 


Much interest has been shown recently in a deeper study of the 
lubricating quality of oils. This has been influenced considerably 
by the development of new methods of oil refining. In the pur- 
suit of high stability in service, it has been found that the lubri- 
cating properties of an oil may be impaired. Consequently, the 
question of “‘oiliness’”’ has again been attacked vigorously, as well 
as the physics of friction of rubbing surfaces. Beare and Bowden 
(14) have made a review of friction of unlubricated surfaces, the 
effect of contaminating films on the coefficient of friction, and the 
effect of load, velocity, finish, and gaseous atmospheres on the fric- 
tion. Bowden and Ridler (15) have described significant experi- 
ments where they showed that very high local surface temperatures 
take place under ordinary conditions of friction, reaching proba- 
bly the melting point of the rubbing metals. The effect of col- 
loidal graphite (16, 17) has been investigated by Shaw who con- 
cluded that graphite makes a “graphoid” surface which is wetted 
better by the lubricant. It was assumed that the “wettability” 
of the lubricant was an important indication of its lubricating 
quality. Further work was done on the adaptation of the Sperry 
adheroscope to measuring this property, by Breth and Liberthson 
(18). They suggested that an “‘oiliness index’? be measured by 
this instrument. 

The behavior of lubricants in the region of boundary lubrica- 
tion has become of added importance due to the recent adoption 
of hypoid gears in automobiles. Schlesman (19) ran extensive 
comparative tests on the performance of a mineral oil, an “‘ex- 
treme-pressure” lubricant, a specially compounded oil, a vege- 
table oil, and a grease, in a heavily loaded rear axle. He found 
that no single lubricant had all the qualities desired in this ser- 
vice. The National Physical Laboratory in England (23) in- 
stalled a machine of the type used by the Bureau of Standards to 
conduct tests on boundary lubrication. Industry is now seeking 
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knowledge of the ingredients, natural in the oil or artificially 
added, which cause an increase in film strength and oiliness. 
Lincoln, Byrkit, and Steiner (20) used the Timken testing ma- 
chine to determine the effect of compounds on the lubricating 
quality of oils. On the other hand, researches have been made 
so as to endeavor to identify the important component parts of 
good lubricants. Mair and Willingham (21) compared both 
physical properties and chemical constitution of lubricating oil 
fractions with synthetic hydrocarbons. Clark, Sterrett, and 
Lincoln (22) studied the structure of monomolecular films by 
means of X rays. They obtained the diffraction spectra of the 
orientated molecules using the reflection method, and attempted 
to determine the orientation effect of various agents added to 
lubricating oils. 


RESEARCH IN DEsIGN 


Internal-combustion engines require heavier loadings on bear- 
ings at present. As a result, new bearing metals have been de- 
veloped to replace the standard babbitts. Mougey (24) has 
reviewed the materials and discussed their application. The 
metallurgy of the most important new metal, the cadmium-silver 
bearing alloy has been analyzed by Smart (25). Additional in- 
formation on strength of tin-base babbitt has been obtained by 
Kenyon (26) who tested it in fatigue, using rotating-beam fa- 
tigue-test pieces, and determined the effect of lead content on the 
endurance limit. Efforts have continued to improve the design 
of railroad bearings. The interest in these bearings is natural 
in view of the economical importance of car-journal lubrication. 
Pearce (27) has reported his researches on causes of failure of 
railroad bearings, and on methods to remedy their faults. A 
further attempt has been made to introduce load-carrying pivoted 
pads supporting a disk on the journal, and operating on a viscous 
film. The Nomy (28) bearings are built with inner and outer 
rings and pads to carry the load. 

Increased speed and supercharging of internal-combustion en- 
gines, both for land and air transportation, have kept alive the 
interest in piston-ring lubrication. Taylor (29) has investigated 
experimentally the relation between gas pressure and piston fric- 
tion. A similar investigation was reported by Hawkes and 
Hardy (30). At present, the accepted theory is that the gas 
pressure penetrates from the combustion chamber behind the 
piston rings and the increased pressure of the rings against the 
cylinder wall causes added friction. An attempt to rationalize 
the question was made by Illmer (31) who has suggested a 
method of evaluating the piston-ring friction in a heavily loaded 
internal-combustion engine. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Thermal Stress 


By J. N. GOODIER,' TORONTO, ONTARIO 


given here will serve both as a compilation of formulas for 

the most important stress components developed in some 
fundamental cases, and as an indication of what kinds of questions 
can be answered. 

It will be observed that in all cases where thermal stress is 
appreciable, it has a value kKEaT (provided the elastic limit is 
not exceeded), where E is Young’s modulus, a@ the coefficient of 
expansion, 7’ a temperature difference measured in a way depend- 
ing on the particular problem, but representing in general the 
maximum difference of temperature between one part of the 
body and another, and k is a number of the order of one, usually 
between 0.5 and 2.5. Holes, flaws, notches, or other sources of 
stress concentration can affect thermal stress just as much as load 
stress, but they are not considered in this article. 

We therefore regard EaT as representing the order of magni- 
tude of thermal stress. For steel, this is rougbly 200 lb per sq in. 
per deg F. The yield point of structural steel (say 40,000 lb per 
sq in.) may therefore be reached when temperature differences of 
about 200 F exist within the material. Of course thermal stress 
will frequently occur in combination with an intended load stress, 
and much smaller temperature differences may have to be con- 
sidered. 

Some of the results are quoted for heating, some for cooling. 
If the one is substituted for the other the stress has the same mag- 
nitude, but tension becomes compression and vice versa. 


‘Le COLLECTION of results of thermal-stress analysis 


FUNDAMENTAL CASES 


1 A rod heated from 7; to T; deg develops compressive stress 
Ea(T; — T;) when expansion is prevented at the ends. 

2 A flat plate (in the z, y-plane) develops compressive stress 
(o,, of magnitude — 7;)/(1 — »), being Poisson’s ra- 
tio, when heated from 7’, to T, deg throughout, and when expan- 
sion is prevented at the edges. Such stress may cause or con- 
tribute to buckling in heated bars and plates. 

3 Ifa block is heated from 7; to T; throughout, and expansion 
prevented on all sides, the compressive stress developed is 
Ea(T, — T,)/(1 — 2v). 

4 Ifa part or the whole of the surface of a solia at 7; is sud- 
denly cooled to 7, tensile stress Ea(T, — 7:)/(1 — v) is de- 
veloped in the surface layer wherever the cooling occurs. This is 
about 250 lb per sq in. per degree F for steels. 


Fiat PLates 
5 Athin circular disk is heated symmetrically about the center 
Ontario Research Foundation, Toronto, Ontario, Canada. 


(and similarly throughout the thickness). The temperature 7’ is 
then a function of the radial coordinate r only. There are two 
nonzero components of stress, the radial «, and the circumferen- 
tial og, which can be calculated from 


b? Jo r? Jo 


where b is the radius of the disk. 7 may be measured from any 
convenient zero. It may be replaced by T — To, To being the 
temperature of the coldest part. 

For a small circular hot spot of radius a and uniform tempera- 
ture 7’, in an otherwise cold plate 


1 
o, = = — Ea(T, — inside the hot spot 


1 a? 
Ea(T; — To) 
outside the hot spot 
on = 2 a( 1 ny 


The maximum shear stress is !/;Fa(T, — To) just outside the hot 
spot. Any heating around the spot, as must in reality occur, tends 
to relieve this stress. 

6 (8).2 If the hot spot is elliptical, there is a circumferential 
tension (corresponding to og in the circular case) of magnitude 
Ea(T; — To)/(1 + 6/a) at the ends, a and b being the major and 
minor semiaxes. The greatest value occurs when the ellipse is 
very much elongated, being Za(T, — T,), or twice as great as for 
the circular hot spot. 

It should be observed that the size of the spot, so long as it 
covers only a small part of the plate, does not affect the maximum 
stress. This is true whatever the shape. 

If the hot spot is rectangular, the sharp corners cause very high 
local shear stress, although the components of direct stress (¢,, 
a,) do not exceed — T»). 

7 Thermal Bending. (a) A thin plate, of any shape, has a 
uniform difference of temperature between one face and the 
other, the transition being linear (steady heat flow). There is no 
stress if the edges are free. 


2? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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This is an example of the general theorem that temperatures 
which can be represented as linear functions of rectangular car- 
tesian coordinates give rise to no stress in a free body. 

(b) If the heat flow is not steady (e.g., daily fluctuation of 
temperature in slabs of concrete) the temperature 7’ varies 
through the thickness 2c. It is a function of the coordinate z 
the z-axis being at right angles to the faces (¢ = +c). Theno, = 
0, but 


Ea 1 his 
=o T—— ds — — 
o, = dy ( Tdz Tzdz 


except close to the edges. The shearing components vanish.. 

(c) Along strip (edges z = +c) in the z, z-plane has a variation 
of temperature between one edge and the other (7' a function of z 
only). There is only one nonzero stress component, ¢,, and it 
may be calculated from the expression given in (b) when the factor 
1/(1 — v) has been removed. 

(d) A thin circular plate has a uniform difference of tempera- 
ture between one face and the other, and the heat flow is steady. 
There is no stress if the edge is simply supported. 

(e) If the edge is clamped so that angular deflection, but not 
expansion, is prevented, there is bending stress of extreme 
values + — T,)/(1 —»), and being the face tem- 
peratures. 

(f) Ifthe plate is square, the heating as in (d) and (e),and the 
edges simply supported, there is bending stress near the edges, 
approaching an extreme value High shear stress 
may occur near the corners (where the support prevents curling). 
The complete analysis of square and triangular (equilateral) 
plates will be found in (2). 


Fic. 1 


8 (a) (3). In Fig. 1 ABCD represents a rectangular plate, or 
part of astrip. The plate is heated along the line FG. The sur- 
face sketched above the plate shows the temperature as 7’, along 
FG, and falling rapidly on either side of FG to Ty. There is no 
variation of temperature through the thickness. 7’, the tempera- 
ture at any point, is then a function of z, the longitudinal co- 
ordinate, only. 

A tensile stress ¢, = Ea(T — T») is developed along the edges 
AB and CD. The maximum is Ea(7T; — To), occurring at F 
and G. A compressive stress o,, of this magnitude, occurs in the 
middle part of FG, falling to zero at F and G. 

(b) As in (a), except that the upper face of the plate is hotter 
than the lower. The lower has the maximum temperature 7:, 
the upper 7; asin Fig. 1. The transition through the thickness is 
linear. 
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Bending now occurs, and the extreme tensile stress in the edges 
occurring at F and G, is 


1 1— 


When one face is kept quite cold (7, = 7 >) this becomes 2Ea 
(T; — To)/(3 + v). The cooling of the face has reduced the 
maximum tensile stress in the ratio 2/(3 + v), or by about 40 per 
cent in steel. 


Tuses (Straicut) 


9 (8). The inside temperature is 7; (uniform) and the out- 
side T; (uniform). Irrespective of the form of the cross section, 
there is uniform circumferential bending stress with extreme 
values +!/;Fa(T; — T.)/(1 — v), the positive sign pertaining to 
the outside. If the ends are free, they cause local irregularity of 
stress, which can be evaluated for the circular section; see (1), 
p. 374. The maximum tensile stress is 25 per cent greater than 
the value just given. 


Away from the ends there is longitudinal stress varying from 
—!/,Ea(T,; — T:) inside to — T:) outside, whatever the 
form of the cross section. 

For variation along the axis (circular section) see (4) and (6), 
and for variation also through the thickness (5). When there is 
variation around the section and through the thickness, but not 
along the length (as for instance when a tube is heated all along 
from below, Fig. 2) the stress and deformation can be calculated, 
except for local irregularity at the free ends, whatever the form of 
the section (8). 

10 Circular Section. (8). The temperature varies around 
the section, and through the thickness, but not along the length. 
Let @ be the angular coordinate from a fixed radius in any cross 
section, Fig. 2. Then the inside 7; and outside 7, tempera- 
tures are functions of @ only and can be developed in Fourier series 


= A, + Ai cos 6 + 
+ + eee 


= Ao’ + A,’ cos 6 + 
+ B,’ sin 6 


The thermal stress can be expressed fully by means of the co- 


efficients written down, so that it is not necessary to carry the | 


Fourier analysis further. The extreme circumferential (bending) 

stress is 

+ E — Ay’ + (A, — cos 6 + (B, — B,’) sin 
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the positive sign pertaining to the inside. The maximum is thus 


one of the two quantities 


1 Ee 


E « | 


according as Ag is greater or less than Ay’. The extreme longitu- 
dinal stress away from the free ends is given by 


1 1 1 
Ea E (T, + T:) + (T, — (Ao + 4s) | 


the positive sign pertaining to the outside. Ao and Ao’ are the 
same as the mean inside and outside temperatures, respectively. 

It will be observed that all the results given for thin-walled 
tubes are independent of the size and thickness, depending only 
on the material and the temperatures occurring within them. 

As an example we may take a tube heated from below, Fig. 2, 
with an outside temperature T, = 7 + 1/27',,(1 + cos 6), 7; being 
the uniform inside temperature. 1',, is then the maximum tem- 
perature difference. 

The maximum circumferential stress is + 1/; EaT,,/(1 —v), at 
the hottest part, tensile inside, compressive outside. The ex- 
treme longitudinal stress away from the free ends is nearly */, 
EaT,,, (compression) on the inside, and nearly !/, ZaT,,, (tension) at 
the outside, at the hottest part. 

As a further example, let the tube be heated along a narrow 
longitudinal band, as it might be in welding. The circumferen- 
tial stress is small on account of the narrowness of the band. If 
the inside is cold (7), the outside at 7, within the band, 7’, else- 
where, the longitudinal stress within the band is zero inside and 
Ea(T, — T;) (compressive) outside. Elsewhere it is zero, except 
for the local stress at the ends. This may be estimated approxi- 
mately by the formulas given in 8. 


Tuick-WaLLep (Crrcu.ar, STRAIGHT) 


11 If the temperature 7 is symmetrical about the axis, and 
the same at all cross sections, 7 is a function of the radial co- 
ordinate r, only, and 


Ea r? — a? 
2 2 
= a (s+ =f Trdr + Trdr — ra) 
Ea 2 


a and b being the inside and outside radii. 
not accurate near the (free) ends. 

12 An important particular case is that of steady heat flow. 
Then T = (7; — T2) log (b/r)/log (b/a) where 7 and T; are the 
inside and outside temperatures, and 


( b a? b? b 


| b a? b2 b 
2(1 — v) log (b/a) E + 4 log 


These formulas are 
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Alignment charts for the rapid evaluation of these stresses are 
given by L. H. Barker (9). 

The character of the stress distribution may be seen from Fig. 3, 
drawn for a/b = 0.3. In general, at the inside 


Ea(T; — 72) 
2(1 — ») log (b/a) — a? 


and at the outside 


019 =o, = 


_ _ Ea(T: — Ts) (a= 
2(1 — ») log (b/a) 


For a very small bore og = o, = —Ea(T; — T2)/(1 — v) at the 
inside, the value at the outside being zero. The maximum stress 
is twice as great as for the thin-walled tube, for the same tem- 
peratures. 

13 If, the conditions being those of two-dimensional steady 
heat flow, the temperatures at the inside and outside are not uni- 
form, but vary with the polar angle 6 as in 10, the stress may be 
found by superposition of two parts. The first part is calculated 
for uniform inside and outside temperatures according to the 
formulas of 12, using the mean inside and the mean outside tem- 
peratures Ay and Ao’. The second part is calculated as follows. 

The temperatures are supposed symmetrical about the axial 
plane containing @ = 0.. They may be developed in Fourier series 
as in 10 but on account of the symmetry B,, B,’ vanish. The 
stress components of the second part are 


|cos@{ 1——]i ——1 
r2/\r2 


Trd 


= 49, 


and the total axial component is —Ea(T — Tavg), T being the 
temperature at any point, and Tv, the average temperature. 

As in 10 the individual harmonies of the temperatures beyond 
the first do not influence the stress. 


Rops 


14 (7). If the heat flow is steady and the same at all sec- 
tions (two-dimensional heat flow) the stress is zero except for the 
longitudinal component which, away from the free ends, has the 
value —Ea(T — Tavg) where T and Tayvg have the same meaning 
asin 13. This is true whatever the shape of the section (so long 
as it is free of holes). 
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15 Circular Rod. When the temperature T is a function of 
the radial coordinate r only, the stress components are given by 
the formulas of 5, when the factor 1/(1 — v) has been introduced 
on the right-hand side. There is also a longitudinal component 


6 
Ea 2 
f Trir) 


These formulas are not accurate near the free ends. 
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Discussion 


Increasing the Fatigue Strength of 
Press-Fitted Axle Assemblies by 
Surface Rolling’ 


B. B. Wescott.?. The authors’ paper is a timely contribution 
and it should advance the knowledge of the behavior of metals 
in fatigue. The chief value of the paper lies in the fact that it 
provides a practical and inexpensive means for increasing the 
serviceability of widely used industrial equipment without the 
necessity of resorting to increased size and weight or more costly 
alloy steels. Along with other probable usages, surface rolling 
has already been successfully applied for more than a year to 
shafts of reduction-gear units used for pumping oil wells, and it 
is probable that industrial applications will increase rapidly be- 
cause of the consistently favorable results reported by the present 
and previous investigators. Of theoretical importance is the 
evidence of the extremely sensitive reaction of metals under 
repetitive stressing to the physical properties of very thin sur- 
face layers, and the indication that these surface conditions have 
a greater influence upon the ultimate fatigue strength of the 
part than do abrupt changes of section. 

The authors have followed the current tendency to consider 
corrosion fatigue only as one of several possible methods by which 
stress concentration may be produced. Such a simple explanation 
of corrosion fatigue is to be preferred if the theory can be made to 
explain all of the observed facts. It is stated that cold rolling 
should be effective in the presence of corrosion fatigue. If this 
is true, it must follow that the extent of damage by corrosion 
fatigue is determined largely by the physical shape of the pits that 
are formed. ‘This, in turn, must be governed by the corrosive 
susceptibility of the steel under the given conditions and, finally, 
it must then be concluded that if cold rolling were beneficial the 
cold-worked surface would be more corrosion resistant than the 
surface in its normal condition. This conclusion cannot be ac- 
cepted without reservations on the basis of data included in the 
paper. It would be interesting to investigate the static rate of 
corrosion of steels with and without rolled surfaces as well as to 
determine the corrosion endurance limits in the two conditions. 

The authors’ investigation also serves to emphasize the im- 
portance of a more thorough knowledge of the notch sensitivity 
of various steels and their ability to strain harden at points of 
stress concentration. These properties, or perhaps this property, 
is of paramount importance in corrosion fatigue. It is dangerous 
to specify steel for fatigue service upon the basis of endurance 
limit alone, and this can be done with assurance only when the 
reaction of steels to stress concentration at both mechanically 
and chemically produced notches is better understood. The 
authors are to be congratulated for hastening this time by a 
systematic and capable investigation of one of the phases of 
fatigue behavior of metals which has needed clarification. 


©. Féppi.* The author’s conclusions have served to clear up 
considerably the question of increase of fatigue strength by sur- 


‘ By O. J. Horger and J. L. Maulbetsch. Published in the Sep- 
tember, 1936, issue of the JouRNAL oF APPLIED MecHanics, Trans. 
A.S.M.E., vol. 58, 1936, p. A-91. 

‘ i of Tests, Gulf Oil Corporation, Pittsburgh, Pa. Mem. 


* Professor, Wohler Institute, Braunschweig, Germany. 


face rolling. In agreement with findings of the Wohler Institute, 
surface rolling was found to be especially effective if rubbing 
occurs between two fitted machine parts, or if the surfaces become 
corroded. Another valuable finding is that, even for compara- 
tively large diameters of 2 in., a considerable increase of fatigue 
strength is effected by rolling. 

Therefore, the authors, as well as the writer, attribute the 
favorable effect of rolling to a change in the material itself rather 
than to the preliminary stresses which remain in the material 
after rolling. Because of the significance of this point, the 
writer makes the following remarks: 

Engineers are accustomed to consider a material, with respect 
to strength under load, as a homogeneous mass each particle of 
which is loaded in a very definite manner which may be calcu- 
lated in advance. They are led to this erroneous hypothesis by 
the assumptions of the theory of elasticity in which the materia] 
considered is assumed to be homogeneous. It is assumed in the 
theory of elasticity that the material consists of very small uni- 
formly constructed elements which undergo a definite deformation 
when subjected to a given load. 

The actual material is of a very different sort; it consists as a 
rule of crystals lying at random next to each other. At some 
places there is a strong cohesion, and at others almost no cohesion. 
Because of the nonuniformity of the structure, some places do not 
carry their share of forces while other places are highly loaded. 
In the interior of the material, because of the nonuniform struc- 
ture, bending and twisting moments must be carried on com- 
paratively small surfaces so that a considerable increase in the 
maximum stress is produced. The maximum stress in a specimen 
loaded in tension can be many times (possibly 10 or 100 times) as 
great as the average. Therefore, if the nonuniformity of the 
structure is disregarded, an entirely false picture of the practical 
behavior of the material is obtained. 

In the very small elements which are most highly loaded, their 
strength can be exceeded by a certain load, and a fracture will 
start. However, materials have the accepted property that such 
a fracture stops, especially with alternating load (if the over- 
loading is not too great), and the material returns to a sound 
state after which the grains, probably because they are better 
adjusted to the force and material distribution in the surrounding 
region, have greater endurance than the original material. This 
process is called the prestressing of material. 

The highly loaded elements referred to are particularly danger- 
ous if they lie near the surface of a machine part, because there the 
reinforcing effeet of a closed surrounding is absent. Therefore, 
under ordinary conditions, fatigue fracture almost always begins 
at the surface of the test piece. It follows that a nonuniform 
structure is dangerous when subjected to fatigue because such a 
structure lowers the strength of the machine part at the surface 
more than in the interior. Due to other factors, the greatest 
danger of fracture is already present at the surface. Haigh,‘ 
McAdam,‘ and Moore® have pointed out that the fatigue strength 


4**Experiments on the Fatigue of Brasses,’’ by B. P. Haigh, 
Journal of the Institute of Metals, vol. 18, part 2, 1917, pp. 55-77. 

5 ‘‘Stress-Strain-Cycle Relationship and Corrosion Fatigue of 
Metals,"” by D. J. McAdam, Jr., Proceedings of the American 
Society for Testing Materials, vol. 26, part 2, 1926, pp. 224-254. 

* Effect of Grooves, Threads, and Corrosion Upon the Fatigue 
of Metals,” by R. R. Moore, Proceedings of the American Society 
for Testing Materials, vol. 26, part 2, 1926, pp. 255-268. 
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is lowered to a great extent if the specimen subjected to alter- 
nating loading is surrounded by a corroding medium such as 
water. In addition to corrosion, liquid penetrates into the in- 
cipient fractures which are formed on the surface, and prevents 
the edges of the fractures from being welded together again by the 
alternating loads. The writer? and von Heydekampf® have estab- 
lished that fatigue strength is decreased to a great extent by the 
rubbing of one machine part against another because the friction 
damages the surface and produces additional faulty places in this 
already greatly endangered region. The test results given by the 
writer? and von Heydekampf® show how great an effect the par- 
ticles of material which lie on the surface have on the fatigue 
strength of the whole piece. 

Therefore, the material cannot be represented as a homo- 
geneous body, but rather it must be assumed that the material 
is broken up by very small fissures and defects. These defects 


Fie. 1 Zinc SpectmEN AFTER BEING HyDRAULICALLY PRESSED AT 
12,000 Atm AND THEN SUBJECTED TO ALTERNATING LOADING 


are more dangerous in the vicinity of the surface than elsewhere 
because, at the surface, forces cannot be transferred to sound 
neighboring particles in the same manner as they are transferred 
to the sound particles in the interior of the material. Conditions 
at the surface must therefore be given the most attention. 

By eliminating unfavorable places as much as possible, espe- 
cially from the material near the surface, an increase in fatigue 
strength can be obtained. This can be done by nitriding, for 
example, in which process it appears that a combining element 
frees the surface from defects. This protective ability might 
perhaps follow also from a special liquid medium which would not 
corrode the furrows appearing on the surface, but would weld 
them together instead. 

However, the fatigue strength can also be increased by elimi- 
nating the smallest fissures and defects by means of machine 
working. As previously mentioned, this mechanical elimination 
of cracks takes place to a certain extent in the prestressing of the 
materia]. However, this method is imperfect and time consum- 
ing because the alternating load must be limited to the point 
where cracks are welded together, beyond which point any 
further application of the alternating load will cause the cracks 
to progress further and further. The fissures on the surface can 
be eliminated in a much faster and more effective way by surface 
rolling the specimen. 

Surface rolling increases the specific weight of the material in 
the particles lying at the surface by a small amount since the 
particles, wherever the space between them is too great, are 
pressed against each other. However, as shown by Lohr’s tests® 
which agree with tests by Bridgman," the increase in specific 
weight is so smal] that it cannot be determined by simple measur- 


7 “Schwingungsbeanspruchung und Rissbildung insbesondere von 
Konstruktionsstahlen,” by O. Féppl, Schweizerische Bauzeitung, vol. 
81, February 24, 1923, pp. 87-91. 

* “‘Dauerfestigkeit und Konstruktion,”’ by O. Féppl and G. von 
Heydekampf, Metallwirtschaft, vol. 8, November 8, 1929, p. 1087. 

* A. Lohr, Mitteilungen des Wohler Institute, Braunschweig, No. 29, 
NEM-Verlag, Berlin, 1936. 

‘°*The Physics of High Pressure,”’ by P. W. Bridgman, G. Bell 
and Son, London, 1931. 
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ing methods. The change in specific weight of steel for a hydro- 
static pressure of 12,000 atm (815 lb per sq in.) seems to be less 
than 0. 1 per cent in all cases. 

It has been definitely established by Léhr® that the surface 
defects previously mentioned in this discussion are present in the 
original material. Léhr subjected test specimens to a hydro- 
static pressure of 12,000 atm, and then subjected them to 
alternating-load tests. The fine fissures in the material were not 
welded together by the hydrostatic pressure, in contrast with 
surface rolling, because the liquid penetrated into the cracks; 
when the hydrostatic pressure was removed, a little of the 
pressed-in liquid was left in each crack. Lohr applied alternating 
loading to a specimen which had been saturated in this way with 
liquid, and found that the pressed-in liquid was pressed out again 
by the alternating deformation of the material. Fig. 1 of this 
discussion, which was taken from Loéhr’s work, shows a hy- 
draulically pressed specimen of zine which at first appeared to be 
sound. The specimen had a longitudinal fissure about 3 em long 
into which liquid penetrated due to hydrostatic pressure. This 
fissure was revealed when alternating loading forced out the 
pressed-in liquid. 

If the specimen had not been hydraulically pressed before the 
alternating load was applied, then the fatigue fracture would 
certainly have started from the crack. At the completion of the 
fatigue test, one would have assumed that the fracture like any 
other fatigue fracture was brought about by the alternating load- 
ing, and was not present from the beginning. For a large number 
of steel specimens which the writer in earlier years tested to 
destruction by fatigue loading, there certainly must have been 
larger incipient fractures present from the beginning, and these 
fractures must have influenced the fatigue strength. The writer 
in ignorance of this fact, erroneously blamed the fatigue loading 
alone for the fatigue fracture. 

Such large incipient fractures as those shown in Fig. 1 of this 
discussion are not as a rule present in metal specimens. Instead 
there are small incipient fractures of possibly 0.1 or 0.01 mm 
length present. These small fractures cannot be seen because the 
two edges of the fractures are held together by the surrounding 
material, limiting it to a width certainly less than 0.00001 mm. 
Even these little incipient fractures lower the fatigue strength of 
the material appreciably because it is from these places that 
fatigue fractures start. Since the material at the fracture fails 
to carry any of the forces, the boundary of the fracture has t 
withstand excessive loads which, for a sufficiently high load, can 
become so great that the strength of the sound material surround- 
ing the crack becomes exceeded. The fracture spreads with 
time. The fractures, present from the beginning, are eliminated 
by surface rolling from the region where they are most dangerous 
to the fatigue strength, namely, at the surface. By pressing the 
cracks together, the hardness of the material is probably in- 
fluenced also so that the observations presented in this discussion 
are not necessarily contradictory to the conclusions made by 
Horger and Maulbetsch. 


CLOSURE 


Wescott indicates some question as to the effectiveness of sur- 
face cold working on specimens subjected to corrosion fatigue. 
The press-fit assembly involves a rubbing together of the hub on 
the axle, and while the term applied to this weakening effect 5 
called corrosion fatigue, it may be a misnomer. Therefore, 
may be necessary to differentiate from the usual meaning of the 
term as applied to the influence of simultaneous action of cor- 
rosion by chemical action and fatigue stressing. It is general) 
conceded that cold-worked materials are statically more sus 
ceptible to corrosion attack than are the same materials without 
the influence of cold working. At the same time tests by 
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Foppl'! show that the cold-worked surface of bars subjected to 
fatigue stresses in the presence of a corrosive medium gives 
increased strength over similar bars not cold worked. 

It is gratifying to have the benefit of the discussion by Féppl, 
especially since he has contributed so much through his initiation 
of tests relative to the influence of cold working on fatigue strength. 
Féppl discusses the fundamental conception of why materials 
fail, and extends his discussion beyond the findings of the paper. 
The authors interpret the surface-crack theory expounded by 
Féppl as being similar to the one proposed by Joffé and Griffiths,! 
and for the following reasons it is difficult to reconcile such 
theory with test results: 

The test results shown in Fig. 8 of the paper indicate that 
plain cold-stretched fatigue specimens give both increased hard- 
ness and fatigue strength, and, for the same hardness increase, a 
greater increase in fatigue strength is obtained with cold-stretched 
bars than is obtained with plastically compressed or surface- 
rolled bars. Such stretching would seem to open any incipient 
cracks present in the bars, and tend to lower the fatigue strength. 
As a second reason, fatigue cracks sometimes occur within the 
crystals so that it would appear as though the incipient cracks 
would have to be much smaller than those mentioned by Foéppl. 


The Behavior of a Brittle Material 
at Failure’ 


H. F. Moore.?- The author has reported on the fracture of a 
nonmetallic brittle material. From a general point of view, it 
has not been at all certain that the laws governing the fracture of 
a nonmetal are the same as those governing the fracture of a crys- 
talline metal, because so little is known about the behavior of 
plastics under destructive stress and strain; therefore, the au- 
thor’s contribution on the stresses at fracture of a brittle plastic 
is most welcome. 

In the next to the last paragraph of his paper, the author 
that fracture occurs when the tensile stresses 
reach their ultimate strength.” He begins the paragraph with 
the statement: ‘From photoelastic studies as yet unpublished it 
was possible to compute the tensile stress at the time of failure.” 
It would be interesting if, in his closure, the author were to tell 
whetber failure followed the law of maximum stress or the law of 
maximum strain. The writer would also be interested in know- 
ing whether or not photoelastic tests give a direct measure of 
stress or of strain in a brittle material. 

Various tests on brittle metals, especially on cast iron, show re- 
sults falling between those predicted by the maximum-stress 


“Erklarung und Bekampfung der Korrosionsermiidung von 
Stahl” (‘Combating Corrosion Fatigue of Steel’’), by O. Féppl, 
Die Naturwissenschaften, vol. 27, December 15, 1933, p. 888. An 
abstract of this article appears in Metal and Alloys, vol. 5, July, 
1934, p. MA348, 

‘2 “Distortion of Metal Crystals,’’ by C. F. Elam, Oxford Uni- 
versity Press, New York, N. Y., 1935. 

'By M.M. Frocht. Published in the September, 1936, issue of the 
or Appiiep Mecuantcs, Trans. A.S.M.E., vol. 58, 1936, p. 
A-99. 

? Research Professor of Engineering Materials, University of Illi- 
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theory, and those predicted by the maximum-strain theory, but as 
noted previously in this discussion the fact that this result is 
found for crystalline metals (and especially for a metal of poor 
homogeneity such as cast iron) is no guarantee that it would be 
found for the nonmetal bakelite, the material with which the 
author worked. 


AvutHoR’s CLOSURE 


Professor H. F. Moore raises the question whether in the cases 
reported by the author failure was caused by maximum stress 
or by maximum strain. To answer this question definitely it 
would be necessary to have a complete picture of the principal 
stresses at all points in the fractured specimens. If a point P 
could be found at which the principal stresses were both tensile 
and where one of these is equal to or greater than 17,000 lb per 
sq in., which is the ultimate tensile strength of bakelite, it could 
then be concluded that failure was not governed by the maximum 
stress, since all fractures originated at points on a free boundary. 
However, such information is not available at the present time. 
Further work is now in progress which may throw some light on 
that question. 

The author has tested a number of cast-iron disks with con- 
centric circular holes in order to determine whether cast iron 
behaves like bakelite at failure. The disks were subjected to 
vertical, compressive, diametral loads and tested to destruction. 
In all cases failure originated at points of maximum tensile 
stress, although the loads necessary to produce failure were 
considerably greater than the calculated loads. Thus, a cast- 
iron disk 0.416 in. thick, 1.17 in. outside diameter, and 0.136 in. 
inside diameter failed under a load of 7200 lb as against a cal- 
culated load of 3760 Ib. The ultimate tensile strength of the 
material was determined to be 29,200 lb per sq in. 

This discrepancy can be attributed to two causes: First, the 
load at the beginning of failure was no doubt less than 7200 lb, 
the latter being the load when the crack had spread some dis- 
tance from its origin and was clearly visible to the naked eye; sec- 
ond, the calculated load of 3760 lb was in all probability too 
low as it was based on stresses which do not consider the porous 
character of cast iron. The effect of this porosity is to mul- 
tiply the sources of stress concentration and thereby to reduce 
the stresses. The actual tensile stresses at the points of failure 
were in all probability smaller than those given by the theory. 
It is quite likely that an exact investigation, if one were possible, 
would show a closer agreement between the ultimate tensile 
strength and the stress at failure even in the case of cast iron. 

In this connection mention should be made of the recent re- 
searches by Peterson and Wahl‘ with steel shafts subjected to 
fatigue. They demonstrate not only the general destructive 
character of stress concentrations, but establish a most re-_ 
markable quantitative agreement between actual failure in 
fatigue and the phenomenon of stress concentration. 


3 ‘*Kinematography in Photoelasticity,’’ by M. M. Frocht, Trans. 
A.S.M.E., vol. 54, 1932, paper APM-54-9, pp. 83-96. 

4‘*Two- and Three-Dimensional Cases of Stress Concentration, 
and Comparison With Fatigue Tests,’ by R. E. Peterson and A. M. 
Wahl, JouRNAL or AppLiepD Mecuantcs, Trans. A.S.M.E., vol. 58, 
March, 1936, p. A-15. 
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Fuel: Solid, Liquid, and Gaseous 
Soup, Liquip, anpj Gasgous. By J. S. 8. Brame and J. G. 
King. Fourth edition. Longmans, Green & Company, New 


York, 1935. Cloth, 6 X 9 in., xvi and 422 pages, 82 diagrams, 2 
plates, and 63 tables, $8.50. 


REVIEWED by E. S. DENNison! 


‘THis book surveys within a limited space the entire category 
of commercially useful fuels. Due to the breadth of its 
subject matter, no attempt has been made to deal exhaustively 
with individual topics. The book is not intended to meet the 
needs of a specialist, but to acquaint the engineer or user with 
the technical aspects of common fuels. This purpose it serves 
admirably. The information given is copious, and in the pre- 
sent (fourth) edition recent developments are duly noted. Nu- 
merous references to original sources are included in the text. 
Part I on coal and minor solid fuels is the most extensive. 
The topics include the origin and structure of coal, its properties 
and classification, its combustion, etc. Cokes and coking are 
discussed at length, including the low-temperature carbonization 
process and its by-products. 

Part II on liquid fuels treats only perfunctorily of the pro- 
duction and refining of petroleum, but rather extensively of the 
hydrogenation process as applied to coal and coal tar. In chap- 
ters on the use of liquid fuels, oil-burning systems are described, 
and separate chapters deal with the fuel requirements of spark- 
ignited and Diesel engines. The basis of octane and cetene 
ratings is presented, as well as other recent information bearing 
upon the writing of internal-combustion fuel specifications. 

Part III on gaseous fuels omits consideration of natural gas 
but fully describes the manufacture of the several varieties de- 
rived from coal. Part IV is a manual of laboratory procedures 
for fuel sampling and testing. 

Throughout the book, stress is laid upon coal and the pro- 
duction of its liquid and gaseous derivatives, while petroleum is 
considered almost entirely from the user’s standpoint. This 
emphasis reflects the present trend of research in Great Britain 
and also in Germany. Such countries, rich in coal but poor in 
oil, are faced with a double difficulty. On one hand is the ne- 
cessity for heavy importations of oil; on the other, large mining 
populations have been left idle by the dwindling demand for 
their product. The result is an intensive effort to convert coal 
to suitable liquid forms, as required for internal-combustion and 
other modern uses. The Bergius hydrogenation process is the 
main result of this effort, and it is of interest to note the present 
state of its development. Technically, the results obtained are 
promising. The yield of “motor spirit’? exceeds 60 per cent 
of the weight of coal, with additional usable fuel oil. There is 
a minimum of by-product chemicals, such as are yielded by 
coking processes, and which have become a drug on the market. 
A fortunate circumstance is that coal serves also as a cheap raw 
material for producing hydrogen, which, of course, is required 
in considerable quantity. Perhaps the principal defect is that 
the products thus far obtained are rich in aromatics, and hence 
are poor Diesel-engine fuels. On the economic side, the outlook 
is not so satisfactory. The quoted cost of motor fuel is about 
12 cents per U. S. gallon, a prohibitive figure in comparison with 
gasoline. This will undoubtedly be cut in large-scale production. 


1 Electric Boat Company, Groton, Conn. Mem. A.S.M.E. 
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But as long as petroleum remains plentiful the process will in- 
terest principally those nations which insist upon self-sufficiency 
without regard to cost. Nevertheless it is evident already that 
coal reserves may be counted as potential liquid-fuel reserves, 
to be available when the need arises. 

The book affords a general view of the fuel question, as well 
as presenting a mass of detailed data. 


Thermodynamics 


ELEMENTARY ENGINEERING THERMODYNAMICS. By Vincent W. 
Young, Associate Professor of Mechanical Engineering, Okla- 
homa Agricultural and Mechanical College and Gilbert A. 
Young, Professor and Head of the school of mechanical engi- 
neering, Purdue University. First edition. McGraw-Hill 
Book Company, Inc., New York, 1936. Cloth, 6 9 in., xii 
and 220 pp., 65 figs., $2.50. 


REVIEWED BY JOHN A. GorF? 


HIS book is designed to meet the requirements of an intro- 

ductory course in the theory of heat-work apparatus which 
can either precede, follow, or be given concurrently with a similar 
course in the practice of such apparatus. The authors have 
attempted to develop the subject in logical order and to make 
the book as brief and uncomplicated as possible. Numerous 
illustrative examples are included. 

Thermodynamics is generally admitted to be one of the most 
difficult courses in the engineering curriculum. The difficulty 
springs in large measure from the rich inheritance of terms and 
expressions from the old caloric theory which are strictly in- 
compatible with the modern dynamical theory, yet are so deeply 
imbedded in common knowledge of the subject that they are not 
easily displaced. Most instructors of engineering thermody- 
namics and most writers of textbooks find themselves driven to 
compromise good theory to these old confused and confusing 
ideas at one point or another, where to draw the proper distinc- 
tions would give the appearance of being too technical for the 
student. In this respect, the present book accomplishes much 
but, nevertheless, leaves much to be desired. 

For example, in the authors’ statement of the First Law ‘“‘the 
amount of work performed is proportional to the amount of 
thermal energy which disappears” and conversely. It is as if 
the authors are not willing to venture a more precise statement, 
namely, that the quantity of work performed is exactly equal to 
the quantity of thermal energy that disappears, for fear of doing 
violence to the popular notion that thermal energy and work 
must be expressed in different units. The discussion of the 
Second Law is entirely inadequate even for an elementary course, 
and does very little to establish entropy as a real physical magni- 
tude capable of accurate measurement. The reason appears 
to be again that an adequate comprehension of reversibilty is 
believed to be beyond the student. The discussion of absolute 
temperature is also disappointing, and one reads with surprise 
that research in physics has established the existence of an ab- 
solute zero of molecular kinetic energy. 

Notwithstanding the above criticisms, the book has many 
excellent features, one of which is the clear distinction between 
what the authors call nonflow processes and processes involving 


1 Professor of Thermodynamics, University of Illinois, Urbana, 
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steady flow. Under applications are considered internal-com- 
bustion engine cycles, air compression, flow of gases and vapors, 
power cycles, the steam engine, refrigeration, and some processes 
involving moist air. Illustrations are well chosen and sufficiently 
numerous. 


Thermodynamics 


THERMODYNAMICS. The Principles of Thermodynamics and Their 
Application to Engineering Processes. By Lester C. Lichty, 
Associate Professor of Mechanical Engineering, Yale University. 
First edition. McGraw-Hill Book Company, Inc., New York, 
1936. Cloth, 6 X 9 in., xiv and 281 pp., 105 figs., tables and 
charts, $3. 


REVIEWED BY JOHN A. GorrF® 


ty THE preface the author states his opinion that thermodyna- 

mics has acquired a reputation with the average student of 
being a most formidable subject which “only the gifted can un- 
derstand and satisfy more than minimum requirements.” He 
lays the blame on the “many teachers and writers of texts on 
this subject who have introduced the ramifications that have 
mystified and led the student away from fundamental thinking.” 
Without attempting to refute these statements or defend the 
teachers and writers on thermodynamics, one is compelled to 
examine the book rather critically to discover if the author has 
made any real improvement or cleared a path back to funda- 
mental thinking. 

One of the most fundamental concepts in thermodynamics is 
that of absolute temperature. The author dispenses with abso- 
lute temperature in the statement that, as a matter of definition, 
‘“‘a substance must be at the lowest possible temperature when its 
molecules have no kinetic energy.”” In the first place the state- 
ment is not true and, in the second, it would be useless in estab- 
lishing the absolute scale even if it were. At one point, the author 
states that absolute temperature is a measure of molecular kinetic 
energy and, at another, that pressure enjoys that authority. 
Later, he states that absolute zero is the lowest conceivable tem- 
perature because if a lower temperature were possible, more work 
would be obtained from a Carnot cycle than heat supplied 
“which would violate the conservation-of-energy principle.” 
One certainly cannot commend the author for fundamental 
thinking on the basis of these remarks. 

Another major concept in thermodynamics is that of reversi- 
bility without which an adequate understanding of entropy is 
impossible. One sees numerous footnote warnings to the student 
not to interpret areas on the 7’,s-plane as heat unless the process 
is reversible, but nowhere is the necessity of this precaution ex- 
plained. The first statement that J” pdV may not give the work 
done when internal friction is involved occurs well toward the 
middle of the book in the chapter on thermodynamic cycles. 
Nowhere does the author even suggest that the integral may not 
exist as in the case of sudden expansion where only the initial and 
final states can be represented on the p,v-plane. 

Entropy is introduced in a most unsatisfactory manner. The 
reader is told that heat must be the product of two factors and it 
is logical that temperature should be one of them because tempera- 
ture is closely associated with the idea of heat flow. Then using 
absolute temperature as this factor, change of entropy is defined as 
the ratio of heat absorbed to absolute temperature at which it is 
absorbed. The author apparently feels himself under no obli- 
gation to show that such a definition, with all its implications, is 


possible. Perhaps this is one of the ramifications to which he 
refers in the preface. 


* Professor of Thermodynamics, University of Illinois, Urbana, 
Ill. Mem. A.S.M.E. 


A-41 


It is surprising that the author even attempts a discussion of 
available energy without a careful explanation of reversibility. 
To him the availability of energy is merely the measure of the 
possibility of transforming any form of energy into mechanical 
work. His reason for regarding potential energy as 100 per 
cent available is that it is always possible to reduce the potential 
energy in the second condition to zero. But, the internal energy 
in the final state cannot be reduced to zero, for to expand to 
absolute-zero temperature requires expansion to absolute-zero 
pressure which would require more work than could be obtained 
from the decrease in internal energy itself. Hence, internal 
energy is not 100 per cent available. 

Perhaps an outstanding feature of the book is the approach to 
the whole subject from the energy equation for steady flow. 
All terms that can possibly enter the equation are introduced at 
the very start, after which numerous applications are discussed 
showing in each application which terms can be neglected. One 
important term is the product pv which is shown in a very uncon- 
vincing manner to represent energy convected with the fluid. 
The author calls this quantity “flow work,” then proceeds to 
assert that when there is no flow Apy=0. Exactly what the 


‘author means by chemical energy is never made quite clear, but 


apparently it is the constant of integration resulting from the 
assumption that c, can be represented as a polynomial in 7’ valid 
clear down to absolute zero. 

Another prominent feature of the book is the amount of atten- 
tion given to combustion processes; but much of the material 
presented has long been out of date and the methods are unne- 
cessarily cumbersome. In the preface it is stated that the in- 
ternal-combustion engine process is not a thermodynamic cycle 
and should never have been treated as such. Some light is shed 
upon the meaning of this statement in the introduction to chapter 
7 where a thermodynamic cycle is stated to be one in which the 
same quantity of medium is used in successive cycles. This is 
a novel definition of cycle. 

The book contains a great quantity of material, but also a 
great number of statements that are misleading and often erron- 
eous. It is impossible to regard the book as a real improvement 
and one cannot readily concede that the author has accomplished 
his objective of “staying close to fundamental reasoning.”’ 


Thermodynamics 


TECHNISCHE THERMODYNAMIK. By Fr. BoéSnjakovié, Professor, 
University of Belgrade. Vol. XI, part 1, of a series entitled 
‘‘Wiarmelehre und Wiirmewirtschaft in Einzeldarstellungen.”’ 
Theodor Steinkopff, Dresden and Leipzig, 1935. Paper, 6 x 
8/, in., xii and 205 pp., 176 figs., 2 charts, and an appendix of 
problems and answers, 13 rm. 

REVIEWED BY JoHN A. GorF‘ 


‘THE name of Richard Mollier has become familiar to engi- 

neers throughout the world especially through the Mollier 
7,8-diagram for steam and the Mollier i,z-diagram for moist air. 
Although recognized for over thirty years as an eminent teacher 
and investigator in engineering thermodynamics, Mollier never 
undertook to prepare a comprehensive textbook on the subject. 
Recently, however, a book dedicated to Mollier and built largely 
upon Mollier’s ideas and methods has appeared under the author- 
ship of a distinguished pupil, Fr. Bosnjakovié. 

In its avowed purpose to present the elements of thermody- 
namics in a brief but strictly consistent form, with as little resort 
to mathematical methods as possible, the book is eminently suc- 
cessful. It introduces the subject with a brief account of the 
fundamental concept of temperature and a very brief description 


4 Professor of Thermodynamics, University of Illinois, Urbana, 
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of the principal instruments used in measuring it. There follows 
a rather detailed exposition of the First Law of thermodynamics 
as it applies to simple substances of invariable chemical composi- 
tion. Fully one fourth of the entire book is devoted to an expo- 
sition of the Second Law mainly from a strictly thermodynamic 
viewpoint, but supported by a carefully drawn picture of the 
physical interpretation of entropy as a measure of thermody- 
namic “probability.” In addition to the applications of the 
Second Law covered in the usual textbook on engineering thermo- 
dynamics, the idea of available energy and its use in determining 
the loss due to irreversibilities is developed at some length. 

Under applications of thermodynamics are considered the proc- 
esses of vaporization and condensation, the phenomena occurring 
in the steam-engine cylinder and their analyses, steady flow of 
fluids with special reference to the flow through nozzles, mixing 
processes in general, and the refrigeration machine. The analy- 
sis of mixing processes merits special notice because it is sel- 
dom given in the usual textbook, albeit such processes are of fre- 
quent occurrence in practice. 

The book contains many figures, too small to be clear in many 
cases, but well chosen to aid in understanding the text. Further- 
more, the list of problems and answers provided as an appendix 
should prove of value to the teacher as well as the student. The 
book excites interest in a succeeding volume, promised to appear 
soon, which will cover the more difficult applications of thermo- 
dynamics to complex systems of variable chemical composition; 
for in this field the author has had special experience. 


Applied Mathematics for Engineers 


APPLIED MATHEMATICS FOR ENGINEERS—THREE Votumes. Vol. I, 
Graphical Statics, 183 pp., 226 figs., 1930, 9s 6d; vol. II, 
Dynamics, with an Introduction to the Differential and Integral 
Calculus, 293 pp., 147 figs., 1930, 13s 6d; vol. III, Differen- 
tial Equations With Applications, 320 pp., 126 figs., 1931, 
13s 6d. By T. Hodgson, Mathematical Lecturer at The City 
and Guilds (Eng.) College, Imperial College of Science and 
Technology. Chapman and Hall, Ltd., London. Cloth, 5'/2 
81/2 in. 


REVIEWED by J. ORMoNDROYD® 


HE engineer studies the mathematical disciplines for the 

sole purpose of applying them to the solution of technical 
problems which may confront him during his active career. He 
studies the basic laws and definitions of the physical sciences 
for the same end. While it is possible to apply the laws of 
physics directly in simple cases without the use of any mathemat- 
ics beyond arithmetic, unfortunately, this happy state of simpli- 
city is not always existent. However, the effective use of mathe- 
matics can only begin after the basic physical ideas are clearly 
grasped. 

An overemphasis on the last-mentioned fact leads to a pe- 
culiar separation of mathematics and physics in our school 
curricula. A single integrated course in mathematical physics 
would certainly result in a better understanding of mathematics 
and probably would lead to a clearer grasp of the fundamental 
physical principles. 

In this series of books under the general heading of “Applied 
Mathematics for Engineers,’’ Mr. Hodgson has chosen to insist 
upon the close relationship between mathematics and physics 
even though this may seem to emphasize the obvious. This 
emphasis is needed—the prevalent ineffectiveness of engineers 
in quantitative analysis proves this only too well. 

Volume I, Graphical Statics, starts with a consideration 
of vectors, and bases the entire subsequent graphical development 
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in the volume on this concept. Mass centers are treated from 
the fundamental standpoint of geometric mean centers of an 
aggregate of points which lead naturally into the development 
of link and vector polygons. A consideration of plane forces 
precedes the treatment of bending moments and shearing forces 
on beams considered as problems of plane distortion. The 
treatment of simple rigid frames is preceded by a discussion of 
the product of two vectors. The final chapter of the book treats 
of the most general static methods based on the concepts of 
virtual work and potential energy. 

The number of illustrative problems and practice examples 
in the volume is very large; more than half the contents of the 
books is devoted to this end. Throughout the first volume, 
except for slight references in the last chapter, the use of calculus 
is avoided. 

Volume II, Dynamics With an Introduction to Differential 
and Integral Calculus, starts with a consideration of simple 
linear kinematics. An interlude of two chapters gives the foun- 
dations of differential and integral calculus. A chapter on the 
application of calculus to the problems of particle dynamics is 
followed by a chapter on the kinematics and dynamics of ro- 
tating rigid bodies. A consideration of the general motion of 
rigid bodies in either translation or rotation or both combined 
finishes the survey of dynamics from the purely Newtonian 
view. The last chapter treats the more modern generalizations 
in dynamics based on energy considerations. 

Again in this volume numerous applications are used as prob- 
lems. 

Volume III, Differential Equations With Applications, 
covers a field almost universally ignored in undergraduate me- 
chanical-engineering courses in this country. The application of 
ordinary and partial differential equations to the kind of prob- 
lems continually presenting themselves to the engineer is cov- 
ered here. The deflection of beams, vibration problems, and 
electrical circuits illustrate the application of ordinary differ- 
ential equations; while thermodynamics and heat flow are used 
to bring partial differential equations to the notice of the student. 
Linear equations, because of their vast importance in physical 
problems, are given lengthy treatment. Simultaneous equations 
so frequently necessary in actual problems, are given with il- 
lustrative problems. The volume closes with two special chap- 
ters on Double and Triple Integration and Spherical Trigonome- 
try. 

This brief outline of the contents does not do justice to the 
many illuminating high lights thrown on various topics, nor 
to the high intellectual level maintained throughout the books. 
Although these books are frankly textbooks, exposing old ma- 
terial in logical and compact form, they are textbooks with much 
human enthusiasm still retained. They show a vitality usually 
missing from the normal run-of-mine text. Mr. Hodgson 
transmits this spirit of enthusiasm to his readers directly from 
his own master and predecessor in the London City and Guilds 
Engineering College, Prof. O. Henrici, who provided the back- 
ground and, perhaps, the material for these volumes. 


Theory of Lubrication 


THEORY oF LuBRICATION. By Mayo D. Hersey. Research Asso- 
ciate in Engineering, Brown University. John Wiley & Sons, 
Inc., New York, 1936. Cloth, 6 X 9 in., xi and 152 pp., 24 figs., 
$2.50. 


REVIEWED BY GEORGE B. Kare.uitz® 


‘THE author indicates in his preface that the purpose of the 
book is to give the scientific background of modern lubrication 
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and present it in a condensed treatment with a minimum of de- 
tail. Accordingly, the hydrodynamical theory of the oil film in 
bearings is described in general terms; it is preceded by a short 
historical review and a discussion of viscosity of lubricants and 
followed by an outline of the properties of lubricants constitut- 
ing “oiliness.” The chapters of the book are as follows: (1) 
Historical introduction, a general discussion of the researches 
in the fields of perfect and imperfect bearing lubrication; (2) 
viscosity and its relation to friction, definitions and measurement 
of viscosity, viscous frictional lanes; (8) the classical hydrody- 
namic theory, outline of mathematical analysis of the oil film 
in its up-to-date form; (4) dimensional theory, with applications, 
discussion of the mechanics of the oil film in the light of dimen- 
sional analysis; (5) temperature rise in bearings, the heat-transfer 
phenomena in the bearing and pedestal as a whole; (6) the 
problem of oiliness, the general concept of the property methods 
of measurement, the physics of boundary lubrication. 

The book cannot be considered as a textbook, but is a guide 
for an engineer or physicist who desires to study the problems 
of lubrication. Each chapter is supplied with an excellent bib- 
liography rather complete and critically selected. These six 
bibliographies together with the broad outlines of the several 
phases of the theory make the book a valuable contribution to 
the art. All interested in the general field of lubrication or 
bearing design will find it most useful. 


A History of Science 


A History oF SCIENCE, TECHNOLOGY AND PHILOSOPHY IN THE XVITH, 
AND XVIITH Centuries. By A. Wolf, Professor and Senator, 
University of London; Head of the Department of History and 
Methods of Science. With the cooperation of F. Dannemann, 
Professor in the University of Bonn, and A. Armitage, of Uni- 
versity College, London. The Macmillan Company, New York, 
1935. Cloth, 6 X 95/,in., pp. xxvi and 692, 316 plates and figs., 
$7. 


REVIEWED BY J. ORMONDROYD’? 


HE engineer of today is a direct heir to the philosophy and 

outlook of the classical physicists. For engineers the six- 
teenth and seventeenth centuries have a peculiar interest. These 
centuries saw the beginnings of those scientific ideas which are 
the main distinction between our “modern world” and all the 
centuries which preceded it. 

Professor Wolf has given a complete portrait of the intellec- 
tual activities of this “age of genius’ covering not only the 
achievements in the physical sciences and mathematics, but also 
those in the fields of geography, biology and medicine, technology, 
psychology, social science, and philosophy. By concentrating on 
two centuries of activity, the author gives the picture in great de- 
tail. This work, it should be mentioned, is intended to be one of 
a series of three volumes. Two companion works, one on the 
eighteenth and nineteenth centuries and the other on ancient 
and medieval times are promised for future publication. 

The most obvious successes of the two centuries discussed were 
in the realms of physics and mathematics. Somewhat more than 
half of the book is used to give an account of the men who created 
the results and the important conclusions they reached. Exten- 
sive quotations from the source publications along with many 
reproductions of illustrations used in the originals give a complete 
and clear idea of just what was done. 

Every one knows that Copernicus, Galilei, Kepler, Gilbert, 
Huygens, Newton, and others did something outstanding—but 
what they did can only be revealed with any approach to com- 
pleteness by a critical review of the books they published. Pro- 
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fessor Wolf provides these critical reviews. The works of the 
lesser lights are also described in detail by the author. Chapters 
on astronomy, mechanics, light, heat, sound, magnetism and 
electricity, meteorology, chemistry, and geology pigeonhole the 
advances in these branches of science. This is done to avoid the 
confusion that is likely to be created in the mind of the reader by 
a truly chronological picture. The early scientists were not 
specialists—they frequently worked with great effect in many of 
the fields so conveniently summarized by Professor Wolf in sepa- 
rate sections. 

The invention and development of many scientific instruments 
form the subject of a chapter some fifty pages in length. The 
description and pictures of the early prototypes of instruments 
commonly used today are certain to be of interest to most engi- 
neers. 

Perhaps of most immediate interest to historically minded 
engineers will be the 114 pages devoted to the technology of the 
period. Professor Wolf remarks “The pioneers of modern sci- 
ence expected an intimate relationship between science and tech- 
nology. Knowledge for its own sake had no glamor for them. 
The new science, unlike the old book learning, was expected to be 
useful. Bacon saw science as a source of power, Galilei experi- 
mented on building material, early scientific academies busied 
themselves with useful inventions. The pioneers valued know- 
ing as an aid to doing.” 

The author points out that the invention of things and proc- 
esses and the discovery of their nature and laws are activities 
which may be pursued more or less independently and have been 
so pursued in the earlier history of civilizations. However, with 
the growth of knowledge they tend to become closely interlinked. 
The foundations of engineering theory were laid in Galilei’s 
epoch making ‘Two New Sciences”’ published in 1638. In this 
work Galilei freely attributes much of his inspiration to observa- 
tions of the practical work being carried out in the arsenals and 
shipyards of northern Italy. 

Chapters 21 and 22 describe the state of the arts of building, 
mining and metallurgy, mechanical engineering, steam engineer- 
ing, and mechanical calculation. These arts, completely empiri- 
cal up to that period, begin then to influence scientific thought 
and to be influenced by it in turn. It should be noted here that 
Sir Christopher Wren, the greatest architect of his age, and a 
member of the Royal Society, still used empirical methods almost 
completely unaffected in detail by the new knowledge. 

The development of the practical steam engine, to operate 
pumps for fountains and mines, started in the latter half of the 
seventeenth century. The work of Papin, Morland, and Savery 
in this field is described. Papin’s steam engine combined boiler, 
working cylinder, and condenser in one chamber, thereby leaving 
the way open for succeeding engineers to become famous by carry- 
ing out the three functions in separate chambers. 

It comes as a surprise to find that Huygens was the inventor of 
the very first internal-combustion engine—a gunpowder engine, 
which, however, never got beyond the paper stage. 

The inventions of logarithms and the slide rule lie in these cen- 
turies. These tools appeared less than a century after the first 
engineer’s handbook ‘De Re Metallica” (1556) by Agricola, 
which describes the processes of mining and the machinery that 
was used at the mines. It is interesting to note that besides 
bellows, crude centrifugal blowers were in extensive use for ven- 
tilation in the German mines of the sixteenth century. 

The chapter on Social Sciences indicates that vital statistics 
and economic theories began to take on form and completeness 
in the seventeenth century. In general the economic writers of 
the seventeenth century had all the essential ideas and needed 
only a synthesizing hand. Adam Smith was to supply this hand 
a century later to become for us the first economist. 
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No intellectual fermentation such as took place in the sixteenth 
and seventeenth centuries is possible without an underlying 
philosophy and faith to feed upon. The effectiveness of investi- 
gators depends more on their general philosophy than on their 
specific intellectual abilities. The last chapter of Professor 
Wolf’s book discusses the general ideas of Giordano Bruno, 
Francis Bacon, Hobbes, Descartes, Spinoza, Locke, Leibnitz, 
Barrow, Boyle, and Newton. 

In so far as philosophy referred to physical thinking, the author 
defines it in accordance with ideas of Bacon, Boyle, and Newton 
as follows—‘‘a distinction was drawn between such theories as 
followed from the facts observed or experimented with, and such 
further theories as were more remote from the data in question. 
The former belonged to the domain of science, the latter to the do- 
main of speculative philosophy.” 

The thinkers of this age, who were mostly sincere Christians, 
separated both science and philosophy from theology. Bacon 
described the new intellectual man as having “A mind nimble 
and versatile enough to catch the resemblances of things (which 
is the chief point) and at the same time steady enough to fix and 
distinguish these subtler differences;—gifted by nature with the 
desire to seek, patience to doubt, fondness to meditate, slowness 
to assert, readiness to reconsider, carefulness to dispose and set 
in order;—neither affecting what is new nor admiring what is old, 
and hating every kind of imposture.”’ 

The age under discussion is a strange one—its feet in the medi- 
eval past, its head in our own times. Kepler believed in astrology, 
Harvey examined witches, both Boyle and Newton leaned to- 
ward alchemy, and Newton spent more time in searching the 
book of Revelations for its mystic meanings than he spent in 
writing his masterpiece the “Principia.” Bacon never quite 
understood the actual physical facts in the intellectual revolution 
of which he was a part and Descartes, for all his doubting, re- 
mained tied to a medieval theology. Tycho Brake supplied the 
data for the downfall of Ptolemaic cosmogony; but never waiv- 
ered in his adherence to it. Strangely enough Galelei—coming 
early into the battle—seems to have been the most completely 
modern man of the group. 

This complete outline of a less sophisticated age than our own, 
yet so closely related to it, cannot fail to give its readers a clearer 
understanding of the intellectual activities now going on about 
them. 


Fiihrer Durch die Technische 
Mechanik 


Fturer Durcu dim TecHNIscHE MECHANIK. By Dr.-Ing. Horst 
Miller, Technische Hochschule Hannover. Julius Springer, Berlin, 
1935. Paper, 61/2 X 98/<in., 166 figs., viii and 118 pp., 8.50, rm. 


ReEvIEWED BY Lypik S. JacoBsENn® 


‘THE TITLE of the textbook by Horst Miiller is some- 
what misleading unless one understands by Fihrer a di- 
recting entity, devoid of persuasive inclinations, extremely la- 
conic in expression, but withal a guide of considerable analytical 
ability. The book gives a concentrated Ubersicht or picture of 
the fields of engineering mechanics without entering into the whys 
and wherefores. In 116 pages the author concentrates nearly all 
the essential material commonly given by American schools in a 
course of at least two years of serious study. 
In spite of the extreme conciseness of the book, the treatment 
is far from superficial and sketchy. Each division and subdivi- 
sion has illuminating shorthand introductions outlining its con- 
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tents. The resemblance of a subdivision to what remains on the 
blackboard after a lecture is rather striking, so that on the whole 
the book may be thought of as a set of good lecture notes from a 
series of good lectures. In some instances the treatment of a sub- 
ject is even more concise than found in engineering handbooks, as 
for instance in Hiitte, but the thought process is, of course, much 
more uniform and consistent than commonly found in any hand- 
book. 

If the reader of Horst Miiller’s book has been over the ground 
before, he will find it a stimulating presentation of facts arranged 
in an orderly manner, but if he is a neophyte in the fields of tech- 
nical mechanics, he most likely will curse the author’s word and 
space economy. For instance, the discussion of the principle of 
virtual work and Lagrange’s equations occupies a total of only 
two pages. 

The author of the book is especially fond of the graphical point 
of view and has given at least half of the space to elucidations of 
suitable graphical methods; in fact, practically every subdivision 
contains alternative graphical constructions that are given most 
explicitly, even to the point of stating values and dimensions of 
all the scales used. This feature of the book is, in the reviewer's 
estimation, a valuable one inasmuch as the practicing engineer 
who is confronted with problems that lend themselves only to 
graphical solutions will find explicit directions that may easily be 
followed by an apprentice engineer or draftsman. From a peda- 
gogical point of view the graphical constructions as well as the 
many diagrams—a total of 166—make the subject matter inter- 
esting as well as clear, but in spite of this feature it must be ad- 
mitted that the book does not lend itself readily to a self-study of 
engineering mechanics. 


The Properties of Metals and Alloys 


THe THEORY OF THE PrRopERTIES OF METALS AND ALLoys. By 
N. F. Mott, M.A., F.R.S., Professor of Theoretical Physics in the 
University of Bristol, and H. Jones, Ph.D., Lecturer in Theoretical 
Physics in the University of Bristol. Oxford University Press, 
New York, 1936. Cloth, 6 X 91/2 in., xiii and 326 pp., 108 figs., 
$8. 


REVIEWED BY FRANCIs BITTER® 


N THEIR introduction, Mott and Jones point out briefly how 
the atomic theory of metals has developed, starting with the 
discovery of electrons, the application of gas theory to such elec- 
trons, the interpretation of the Wiedemann-Franz law of a con- 
stant ratio of electrical and thermal conductivities, the difficul- 
ties of the specific-heat problem and its resolution in the light of 
quantum theory, and the simultaneous solution of the equivalent 
magnetic problems. These matters are the foundation on which 
the book is developed. Their assumption that “any theoretical 
account of the properties of metals must be based on a theory of 
the behavior of the electrons in a crystal lattice” sets the tone of 
the book. 
Such an assumption is to my mind quite arbitrary. There was 
a very important branch of theoretical chemistry long before we 
had any electrical theory of atomic structure, and it seems to me 
probable that a similar physical chemistry of metals, involving 
essentially statistical mechanics and thermodynamics and only 
crude assumptions about the nature of atoms, may for the present 
at any rate be just as important in interpreting the properties of 
metals as the more fundamental but far more involved applica- 
tions of electron theory. 
The authors are, however, concerned with showing what quan- 
tum theory can do rather than with interpreting the properties of 
metals, and from this point of view their book is exceedingly valu- 
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able, to two types of readers especially—first, the theoretical 
physicist interested in metals who will find copious references to 
important recent original papers, and enough in the text to indi- 
cate what the references contain; second, others who want to 
know what the physicists have been able to accomplish. There 
are, for instance, a few tables which summarize important ad- 
vances, such as theoretical and experimental values for the bind- 
ing energy, lattice constant, and elastic constants, of a variety of 
metals. The main emphasis, however, is on the modern meth- 
ods for handling the motions of electrons in a crystal, and for 
approximating solutions of actual problems, and I am afraid that 
but few specialists will be able to follow the arguments in detail 
without considerable supplementary reading. 

The topics covered include specific heats and characteristic 
temperatures, superstructures, optical properties, X-ray emission 
and absorption, cohesion (elastic properties, heat of sublimation, 
etc., but not strength), structures in alloys, the Hume-Rothery 
rules, the magnetic properties, and the electrical resistances of 
pure substances and alloys. 

It is always a pleasure to handle and study any of the books 
in the “International Series of Monographs on Physics,”’ pub- 
lished by the Clarendon Press under the general editorship of 
R. H. Fowler and P. Kapitza, because of their general excellence 
from cover to cover. 


High-Speed Diesel Engines 


HiGH-SPEED DieseL Enaines. By Arthur W. Judge, Associate of 
the Royal College of Science, London. Second edition. D. Van 
Nostrand Co., Inc., New York, 1935. Cloth, in., xi 
and 347 pp., 284 illustrations, $6. 


REVIEWED BY E. 8S. DENNISON”® 


THs edition is a revision and extension of the author’s popular 

work on the high-speed Diesel, with special reference to its 
automotive forms. The material is brought up to date, and is 
a generally well-informed and readable account of its subject. 

Theory is discussed briefly, principally to show the qualitative 
effects of variations in the cycle. A chapter on actual conditions 
in the cylinder deals with the response of the high-speed type of 
Diesel to variations in speed, load, injection timing, etc., and 
reference is made to the nature and control of detonation. In 
various respects comparison is then made with the gasoline 
engine, the result being greatly to the advantage of the Diesel. 

Combustion systems are classified according to the underlying 
principles employed, and most current types of cylinder head, 
designed to effect good combustion under high speed conditions, 
are fully described. Similarly, fuel-injection systems now avail- 
able commercially are dealt with at length. In both respects 
there is a tendency to standardize upon one or another of a few 
proved principles, and the automotive engine begins to take on a 
conventionalized form. A large number of complete engines are 
described. Among these some of the most interesting are certain 
very small types such as the Perkins and Victor, and the Krupp 
opposed-cylinder air-cooled engine for bus service. Aviation and 
railway engines are considered in separate chapters. 

The author holds that the two-cycle principle should have a 
growing importance in the high-speed field, though the number 
of existing successful examples is indeed small. Several of these 
are peculiar in being highly individual creations—for example, 
the Michel “star” type—and no sort of standardization has so far 
appeared. Yet it is noteworthy that one spectacular success, the 
Junkers “Jumo” aviation engine, is a two-cycle design. 

The book is elementary and descriptive in character, and will 
Serve the purpose of an introduction to the subject, for engineers 
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or operators. The text purposely does not attempt to include 
much quantitative information of the sort required by designers. 
The constructions represented seem to be fairly complete with 
regard to the European group, but the author’s information on 
current American designs is not so extensive. A number of 
important examples are omitted altogether, while certain of those 
described are at least obscure in the land of their origin. 


Vibration and Sound 


VIBRATION AND Sounp. By Philip M. Morse, Associate Professor of 
Physics, Massachusetts Institute of Technology. First edition. 
McGraw-Hill Book Co. Inc., 1936. Cloth, 61/4 X 91/4 in., xv 
and 251 pp., 3 plates, 10 tables, 88 figs., $4. 


REVIEWED By J. P. Den Harrog!! 


‘THE SUBJECT of vibration assumed practical importance first 

_~ in the field of acoustics, which was one of the major subjects 
of physics in the middle of the last century. This period in the 
history of sound came to a close with the publication of the two 
classical works ‘Sensations of Tone” by Helmholtz and “Theory 
of Sound” by Rayleigh. The first volume of the latter work has 
been for many years the standard reference on the subject not 
only for the acoustical physicist but for the mechanical engineer 
as well. Recent development in acoustics has been greatly in- 
fluenced by the new technique of the vacuum tube and all that is 
associated with it. 

The present, latest, textbook in this field follows in general 
the setup of Rayleigh’s treatise. It may be roughly divided in 
two parts: The first one dealing with vibrating objects, such as 
strings, bars, plates, etc., and the second with sound waves in air. 
However, the similarity is only one of form, not of substance. 
The titles of the various chapters may be the same; their content 
is completely modern, and very clearly presented. At the end of 
each chapter a set of well-chosen problems is given, totaling 
some 140 for the book. The presentation is vivid, and appealing 
to the imagination of the reader and, while the pace set is fairly 
brisk, the explanations given are sufficiently complete so that a 
continuous reading without outside references is possible, at 
least for the greater part of the book. Toward the end some 
results are given without derivation, for instance in the discussion 
of the shapes of the frequency spectra of various impulses. 

There are eight chapters of which the first is a short mathe- 
matical introduction to complex variables and series solutions 
of differential equations with some good problems. The next 
chapter gives a general exposition of free and forced vibrations of 
systems of one and two degrees of freedom, with special men- 
tion of coupled electromechanical setups. Chapter 3 deals with 
strings, starting out with an extremely lucid discussion of waves 
traveling along an infinite string and the reflections of these 
waves at fixed or free ends, leading to standing waves on a finite 
string. The usual Bernoulli-Fourier analysis is then applied to 
a number of cases, such as the string with air resistance, with 
flexible or heavy supports, etc., and also to forced vibrations. In 
the next chapter on bars the same sequence is followed; it starts 
in a somewhat unusual manner with a discussion of waves propa- 
gating along a bar of infinite length, from which it proceeds to 
finite bars. This is followed by a discussion of “stiff strings’’ or 
“bars under tension.’”” Chapter 5 on membranes and plates, 
true to pattern, again begins with waves traveling radially over 
an infinite membrane or plate. A clear physical interpretation 
is given of the Laplacian operator with interesting comparisons 
between the string, membrane, bar, and plate. The “kettle- 
drum,” being a membrane which encloses an air space, is then 
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discussed in detail and applied to the condenser microphone. 

This finishes the first half of the book, roughly corresponding 
to Rayleigh’s first volume. In the second half there are three 
chapters: Plane Waves, Radiation and Scattering, and Standing 
Waves, with applications to microphones and loudspeakers. Again 
the various solutions of Laplace’s equation are well explained; 
comparisons such as between the radiation from a vibrating 
sphere and traveling waves in a large circular membrane aid 
to a clear understanding of the phenomena. 

In general this is a good book, to be warmly recommended to 
anyone interested in the subject. 


Settlement of Clay Foundations 


THEORIE DER SETZUNG VON TONSCHICHTEN. By Dr.-Ing. K. v. 
Terzaghi and Dr.-Ing. O. K. Froéhlich. Franz Deuticke, Leipzig 
and Wien, 1936. Cloth, 6'/: X 91/2 in., 166 pp., 100 figs., 30 
Austrian schillings (approx.). 


REVIEWED By I. F. Morrison"? 


MONG the technical literature on soil mechanics which ap- 

peared in 1936 the most outstanding book, if we except those 
three remarkable volumes published as the proceedings of the 
International Conference on Soil Mechanics and Foundation 
Engineering at Harvard, is that under the joint authorship of 
Dr. Terzaghi and Dr. Fréhlich bearing the title ‘“Theorie der 
Setzung von Tonschichten.”’ 

This book treats in detail the subject of the settlement and 
consolidation of clay strata, as its title suggests, from a purely 
mathematical and analytical point of view and forms without 
question the most complete treatment of this important subject 
to date. 

In his Erdbaumechanik, published in 1925, Terzaghi developed 
the fundamental differential equation which forms the basis 
for the solution of the time-consolidation problem of water- 
saturated granular masses, and pointed out the analogy of the 
whole problem with that of the nonstationary linear flow of heat 
in solids, whereby the mathematical method of attack was 
indicated. 

In the present volume the coauthors have worked out in detail 
numerous cases based on the assumed validity of the fundamental 
differential equation. For this purpose the book is divided into 
four parts. Part A deals with the physical and analytical basis 
of the mechanics of the compression of water-soaked materials 
such as clays, considered as a mass composed of two phases. 
Its purpose is that of an introduction to the main thesis to which 
parts B and C are devoted, and concerns itself with such funda- 
mental concepts as the mechanics of gradual consolidation of 
clay, the “load surface’’ and the “‘isochrone,” the flow of water 
through clays, including a comparison of Darcy’s law with the 
law of Biot-Fourier for the flow of heat, thereby bringing out the 
heat-flow analogy, and the derivation of a mathematical expres- 
sion for the ‘‘degree of consolidation.” 

The “load surface’ is an area bounded above and below by 
the limiting surfaces of the clay strata and by two other lines 
across this strip which represent the graphs of the unit stress ona 
horizontal surface, taken at various depths, before and after 
the external load is added respectively. The “isochrone” is a 
line lying on the load surface which divides that surface into two 
parts and which shows at any given instant the partition of the 
added stress between the liquid and the solid phase of which the 
soil mass is composed. The lines showing the unit stress are the 
isochrones for the times = 0 andt = ~. The area between the 
stress curve for zero time and the isochrone at any instant 
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taken as the percentage of the total area of the load surface 
represents the amount of consolidation which has taken place. 
As time passes, the isochrone moves from one stress boundary to 
the other. 

In part B an approximate procedure for the investigation of 
the flow of water in soils is presented and the solution of a number 
of special cases of the isochrone motion for various boundary 
conditions is worked out in detail. This, in each case, leads to 
formulas for the relationship between time and percentage con- 
solidation. Several cases of loading are considered, including 
gradually increasing loads as met with in the case of the consolida- 
tion of the cores of hydraulic fill dams or the building up of earth 
embankments. Loads such as occur due to “friction pile’ founda- 
tions are also dealt with at some length. 

Part C is devoted to a more rigorous treatment of the subject 
by means of the solution of the Fourier differential equation by 
classical methods. In a sense, the work of this part covers the 
same ground as that of part B. There is an advantage in the fact 
that a comparison may be made between the more rigorous treat- 
ment and the approximate procedure, thus establishing confidence 
in the approximate methods for those cases in which the rigorous 
treatment presents insurmountable difficulties. 

Part D, which is all too short, deals with application of the 
theory to the technical aspect of construction under such headings 
as the influence of the lowering of the ground-water table on the 
settlement of clay strata, the drying out of clay layers by evapora- 
tion, stresses caused by settlement differences in structures, con- 
solidation of clay during sedimentation, and kindred topics. 

Throughout the book are scattered 18 numerical tables, most 
of which deal with the computation for the degree of consolida- 
tion and the “time factor.” These are of considerable practical 
value and it is to be regretted that they are not either as- 
sembled at the end of the book or that an index of them is not 
included as they are rather difficult to find. 

On the last page is given a bibliography on Analytical Clay 
Mechanics and also a list of algebraic symbols for the various 
quantities, with their meanings and physical dimensions. 

Those who may experience in their first glance at this book a 
sudden shortage of breath due to the pages of mathematical 
analysis and diagrams should not be too hasty in their judgment 
as to any mathematical difficulties it may present. There is 
nothing worse than a few Fourier’s series and a Fourier coefficient 
or two, all following the classical methods of mathematical 
physics with which most of those who are engaged in a serious 
study of the subject should already be familiar. 


Differential and Integral Calculus 


DIFFERENTIAL AND INTEGRAL CaLcuLus. By R. Courant. Trans- 
lated by E. F. McShane, Blackie & Son, Ltd., Glasgow, 1936. 
Cloth, 5*/4 X 83/,in. Volume I, xiii and 568 pp.., figs., 20s. Volume 
II, x and 682 pp., figs., 30s. The two volumes complete, $12.50. 


REVIEWED BY Puitiep M. 


‘THis is an excellent reference work for the engineer, or anyone 

else using applied mathematics; and an excellent text for 
a course in advanced calculus. In most cases we who work in the 
physical sciences, pure and applied, are interested in mathematics 
only as a tool. We solve differential equations and perform 
integrations by using well-known rules, and ordinarily do not 
bother about the fine points of these rules or the methods of 
reasoning whereby the rules were obtained. This is natural, for 
we are not interested in mathematics, but in the physical world. 
In the few cases where the rules break down, we let further ex- 
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perimental data get us out of the difficulty—-or else we give up. 

However once in a while, either because of some unusual 
problem or simply because of curiosity, one feels urged to go more 
deeply into the mathematics we use so freely. Such study in- 
creases our facility in applying the formulas; and also the follow- 
ing of close and careful mathematical logic gives a certainaesthetic 
pleasure. Ordinarily this urge is foiled by the mathematician 
himself, who covers his methods with an armor of technicalities 
which is almost impenetrable by the layman. These volumes of 
Professor Courant are a pleasing exception; for they are easy to 
read, and the subject matter is well-organized. The fundamental 
ideas and simpler aspects of each part of the subject are presented 
in the first parts of each chapter, and the more complicated 
details and applications are collected at the ends in appendixes. 

Professor Courant is one of the disciples of Felix Klein, who 
believes that the roundabout geometrical methods developed more 
than a century ago and still used in many texts should be super- 
seded by the inherently simpler and much more powerful methods 
of functional analysis. Instead of giving a disconnected series 
of methods, each designed to deal with a particular problem, 
he develops general methods which may be applied to a large 
number of problems. <A discussion of this type should be of 
considerable value to the engineer and scientist, by interrelating 
the various methods he is already using. 

The first volume opens with a discussion of the concept of 
function and of the related concept of limit. The author then 
discusses differentiation and integration, including a large num- 
ber of illustrations and applications. Next comes a treatment of 
the power-series representation of functions, together with a 
discussion of convergence and of numerical integration. This 
should be of considerable value to the engineer and physicist. 
Then there is a discussion of periodic functions and of Fourier 
series, which is good, but which would have been improved by the 
inclusion of more discussion and detail. The end of the first 
volume is taken up with a discussion of the simpler parts of the 
theory of functions of several variables and with a short treat- 
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ment of the equations of the simple oscillator, a section which 
contains little material unfamiliar to the engineer. 

The first volume by itself covers the main features of the 
calculus, and could well be used as a text in a first course in 
advanced calculus. The second volume is concerned with further 
details and applications. There is a chapter outlining the ideas of 
vector analysis, and another extending the concept of function 
to the case of several independent variables. Next comes a 
section on multiple integrals, line and surface integrals, with a 
discussion of Gauss’s, Green’s, and Stokes’s theorems, which is 
particularly full and lucid. On the other hand, the succeeding 
chapter, on differential equations, would have been much more 
valuable had it included a discussion of the singularities of linear 
differential equations and their classification. Such a discussion 
is missing from most texts on differential equations, and is greatly 
needed in order to clarify and correlate the methods of solution. 
Its omission here is the only major fault which the reviewer has 
found with the work. 

The last section of the volume is concerned with the calculus 
of variations, and with a short discussion of the theory of func- 
tions of a complex variable. Both volumes have appendixes 
including lists of useful formulas. 

The book is well printed and the make-up of the equations is 
clearer and more compact than most American printers achieve. 
There are a large number of drawings, which help clarity; and a 
number of good problems after each section of a chapter. The 
index is adequate, though not complete enough for easy reference. 
The translator is to be commended for his smooth style, which 
duplicates the clarity of the original German text. 

Professor Courant is a type of mathematician unfortunately 
rare in this country; one who can descend occasionally from his 
ivory tower to deal with practical things, one who does not think 
it beneath him to try to understand the physical aspects of the 
applications he discusses. He was for some time, at the Uni- 
versity of Géttingen, but he has recently joined the staff of New 
York University. What is Germany’s loss is this country’s gain. 
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Deflection of Beams of Varying Cross Section 


By MIKLOS HETENYI,! ANN ARBOR, MICH. 


This paper calls attention to a new method of dealing 
with deflections of beams, the cross sections of which vary 
by steps. It is shown that the effect of this variation on 
the shape of the deflection curve can be represented by a 
properly chosen force system acting on a beam of uniform 
cross section. There is no approximation involved in this 
substitution, whereby the original problem is reduced to 
one of computing deflections of beams of constant cross 
section. 


HE USUAL method of determining the elastic line of a 
beam is to start with the fundamental equation (d*y/dz?) = 
—(1/EID M, and to integrate it twice, whereby we obtain 
the deflection curve y = f(z). Most of the current methods, such 
as the moment-area or conjugate-beam method, are based on carry- 
ing out in some way this double integration. If the moment of 
inertia is constant all along the beam, we integrate only M as 
a function of z. On the other hand, if J also varies with z 
we can write the formula in the form (d*y/dzr*) = —(1/EI») 
{M/(I/Io) |, where Jo is an arbitrarily chosen basis to which we 
refer the varying 7. Integrating the M/(J/Io) function we can 
obtain the deflection line as we did before. 
The expression M/(J/Io) has the dimension of bending moment, 
I I, being merely a ratio, so we can introduce the symbol M = 
M/(I/Io), where M as a function of x represents a corrected bend- 
ing-moment diagram for the beam with uniform moment of inertia 
/,. Putting this into the original formula we have 


1 M ] 


— =——M... 
Ely 1/Io El, 


Hence, it follows that the M moment diagram on the beam of 
constant J» will result in the same deflection curve as the M 
moment diagram on the beam of varying moment of inertia. 
In other words, a certain P loading system, which originates the 
M moment diagram, will produce exactly the same deflection 
curve on the beam of constant cross section as the original P 
loading, which gave the M diagram, would do on the beam of 
variable moment of inertia. 

This P system can be looked upon as a modified form of the 
original P loading, which means that by a proper modification 
of the P loading we can take into account the variation in the 
cross section of the beam. The modification of the original P 
loading system can be done by adding to it a complementary 
loading P’ such that P + P’ = P. Subjecting then the beam 
of constant moment of inertia J) to this modified loading, we 
shall obtain the same deflection line which would have been 
produced on the original beam of varying cross section under the 
action of the P loading. 


‘Horace H. Rackham Post-Doctoral 
Michigan. 

To be presented at the Joint Meeting of the Hydraulic and Applied 
Mechanics Divisions of THE AMERICAN SocteTy OF MECHANICAL 
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and 26, 1937, 
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It will now be shown by several examples that the modified 
loading can be found in any case by simple considerations of 
statics. 

Begin with the case where a simply supported beam is loaded 
with some concentrated forces P;, Ps, . . . as shown in Fig. 1a, 
and assume that the portion ab of the beam has a magnified 
moment of inertia aJ>. The moment diagram will be represented 
by the figure A’C’B’ shown in Fig. 16 and the M = M/(/Iy) 
diagram will look like the polygon A’a’a”b"b’B’, since the J/Jo 
ratios for the portions Aa and bB of the beam are equal to unity 
while for the portion ab, they are equal to a > 1. 

The modified loading must produce in this case a bending- 
moment diagram like this M figure, or, what amounts to the same 
thing, the complementary loading has to produce a negative 
bending-moment area a’a"b"b’ over the portion ab, correcting 
thereby the original M diagram in the same manner as the in- 
crease of the moment of inertia did along this portion. 


P, 
A 140 | 1D Ip 
A 
(b) ” 
2 
Ma 
4 \M 
ia’ 
| 
! 
| 
ae: 
(c) 
A A mM” 
Fie. 1 


We can see that the complementary loading will consist in 
this case of concentrated moments M’, M” and concentrated 
forces P’, P” acting at points a and b, respectively, as shown in 
Fig. 1c. Since from Fig. 1b M,— M’ = M,/a and M, — M” 
M,/a, the values of the complementary moments will be M’ = 
—(1/a)|and M” = M,[1—(1/a)]. The two concentrated 
forces acting at a and 6 will be merely the reactions of the moments 
M’' and M” on the span ab, that is, P’ = (M’ — M")/c and 
Pp" = —(M'— M")/c. We see that these four quantities acting 
at points a and 6 will produce the shaded negative moment 
diagram a’a"b"b’; therefore, they will be capable of producing 
on the beam of constant J» the same effect as the reinforcement 
along the portion ab. Thus, regarding the elastic line of the 
beam, the two systems that are shown in Fig. la and Ic are 
equivalent. 

The complementary loading, shown with dotted lines in Fig. 
lc, is in equilibrium in itself, and therefore has no effect on the 
moment diagram beyond the ab portion. From a study of the 
figure we can visualize that this complementary loading tends 


A-49 


; 
3 
\ 
: 


A-50 


to stiffen the portion ab of the beam against deformation in the 
same way as the reinforcement along this portion would do. 

If the beam is loaded with a uniformly distributed q loading, 
as shown in Fig. 2a, the complementary system will have to pro- 
duce a negative moment area a’a"b"b’ as shown in Fig. 20. 


q 
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Using simple statical considerations, we find that the comple- 
mentary system of loading in this case will consist of two mo- 


ments 
1 
= M, (: =4) and = 


a distributed loading 


1 
Qa 
and two concentrated forces 
M’'—M”’ M'—M’ 
c 2 c 2 


acting as shown in Fig. 2c. With this additional loading the beam 
of constant cross section shown in Fig. 2c will 
have exactly the same deflection curve as the 
beam of varying cross section shown in Fig. 1a. a 
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1 The determination of the elastic line of a beam with varying 
cross section is reduced hereby to finding the deflection curve of 
a beam of constant cross section under a modified loading. Hence, 
by superposition we can make use of the existing elastic-line 
formulas which means considerable simplification of the com- 
puting work. 

2 The effect of the change in cross section being established 
as identical to that of a certain force system, it becomes possible 
to analyze what effect a reinforcement will have on deflections 
or statically undetermined reactions of the beam. This detail 
is of considerable importance in design. 

3 By this substitution the direct application of the trigo- 
nometric series is made possible for computing elastic lines of 
beams of variable cross section. Such application will now be 
considered. 


APPLICATION OF TRIGONOMETRIC SERIES 


As it has already been pointed out in engineering literature?! 
the elastic line of a simply supported beam of constant cross section 
under any loading condition can be expressed in the form of a 
trigonometric series 


k=1,2,3,... 


where the coefficients a), a2, ... depend on the constants of the 
beam (E, Jo, l) and on the type of loading. 

For the simplest cases of loading, the form of these series 
is given in Fig. 3. These series are rapidly convergent, and using 
only the first one or two terms in each case, we can obtain the 
corresponding deflection curve with good accuracy. The elastic 
line can be computed to any desired degree of refinement by tak- 
ing more terms. 

Making use of the previously presented method, it is evident 
that by superposition of these formulas we can compute the 
deflection curves of beams of variable cross sections also. 

The application of this series method has the following ad- 
vantages: (1) It gives in each case one formula for the deflection 
of any point of the beam, irrespective of the singularities of the 
elastic line. (2) It does not deal with the higher powers of dis- 
tances as the usual polynominal deflection formulas. Both of 
these points mean considerable simplification in computing 
work. 

2 “Strength of Materials,’’ by S. Timoshenko, D. Van Nostrand 
Company, New York, N. Y., vol. 2, 1930, p. 417. 

3 “Vibration Problems in Engineering,” by S. Timoshenko, D. Van 
Nostrand Company, 1928, p. 113. 


In a similar way it can be shown that the 
complementary loading can be found in any case 
when the distributed load varies according to any 
law (triangular, parabolic loading, etc.). In 
each case the increase of J over the portion ab 
ean be replaced by two concentrated forcesand 


two moments acting at points a and b, and a 
distributed loading between these points which 
is of the same nature as the original (triangu- gy 
lar, parabolic) but 1 — (1/a) times its value. 
The same reasoning can be applied where 
there are any number of steps in the cross-sec- 


tional area of the beam and also in the case of 
any statically determinate system of supports. 

By using this method we shall have the fol- 
lowing three advantages in practice: 
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The application of these series will be illustrated now by an 
example. A bar of variable cross section shown in Fig. 4a can be 
replaced by a bar of constant cross section subjected to a modified 
loading as shown in Fig. 4. 

By superposition of the formulas of Fig. 3 and taking only 
two terms of each series, the deflection line of this latter case, 
shown in Fig. 4b, can be put in the form 


10% ¢ ft? 


wet 
16.0) — 3.189) sin — 
El, 


+ (0.066 + 0.240) sin as [6] 


The second term in each parenthesis, —3.189 and 0.240, repre- 
sents the effect of the complementary loading, that is, the effect of 
the reinforcement of the beam along the center portion. 
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Equation [6] can be used conveniently to estimate the effect of 
the reinforcement on the deflection curve. Thus the applicability 
of such formulas for computing the change in the magnitude of 
statically indeterminate reactions due to a reinforcement of the 
beam is self-evident. 

In order to show the accuracy of the series method, the author 
has computed the deflection curve of the beam of variable cross 
section, which is shown in Fig. 4a, using the exact (polynominal) 
deflection formulas and the series method. A comparison of the 
results is given in Table 1. This comparison shows that the great- 
est deviation between the exact and approximate methods is 
not more than 0.6 per cent in this case. Taking more than two 
terms of the series, the accuracy can be greatly increased. 


TABLE 1 COMPARISON OF DEFLECTIONS CALCULATED BY 
EXACT AND SERIES METHODS 


0.10 9.20, 0.30 0.40. 0.50 
exact 4.2 0. 2. .577 
Deflection, 10%, Spprox 4.231 7.868 10.524 12.081 12.586 


BUCKLING oF Bars oF VARYING Cross SECTION 


The effect of variation in cross section on the stability of an 
axially compressed bar can also be represented by a properly 
chosen complementary loading on a bar of uniform cross section. 


Consider as an example the pin-ended column shown in Fig. 5a. 
After the lateral buckling of the bar we obtain an M diagram like 
A’a’b’B’ and an M = M/(I,/I;) diagram like A’a’a’b’b’B’ in 
Fig. 5b. It will be seen that this M figure as a moment diagram 
will be produced on the bar of constant J» in its deflected form if 


\P 
y B’ 


Ip 
A, A’ 
(a2) (¢) 


Fie. 5 


in addition to the axial force P we apply at @ and 6 the com- 
plementary moments M,’ = Py, [1 — (Jo/J:)] and M,’ = Py, 
{1 — (o/I,)], and the complementary forces P’ = P {1 — 
(Jo/I;:)] as shown in Fig. 5c. Hence, it follows that the two 
systems shown in Figs. 5a and 5c are equivalent in so far as elastic 
equilibrium is concerned, and so the original problem is reduced 
to the solution of the buckling of a bar of constant moment 
of inertia J) under the action of the modified loading shown in 
Fig. 5c. 

The M, and M, moments are now functions of the buckling 
curve. The expressions given previously for M,’, M,’, and P’ 
are the same also in the general case where the reinforced portion 
ab of the bar is not ee ae placed since in such case the 
transverse reactions of M,’, M,’, and P’ cancel each other and 
the complementary system remains the same as shown in Fig. 5c. 

Using the strain-energy method of determining the critical 
load P,, for symmetrical reinforcement as shown in Fig. 5a, the 
equation expressing the equality of the external work to the 
strain energy of bending of the bar will be 


ite 
1 2 
1 
"dz — P 
I 7 
I; 2 0 


Assuming for the deflection curve a single sine wave, this leads to 
the following formula for the critical load 


which expression has also been given by Timoshertko.* 


4“Theory of Elastic Stability,” by S. Timoshenko, McGraw-Hill 
Book Company, New York, N. Y., 1936. 
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Appendix 

As an addition to the foregoing method we shall present here 
a simple way to derive deflection formulas for beams of constant 
cross section. This procedure is based on the fact that any de- 
flection curve expressed as polynominal can be written in the 
form of a Maclaurin series 
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which states that a continuous function can be uniquely defined 
by giving the value of the function and all its derivatives at 
z = 0. But these values as end conditions are known from 
staties, since 


1 
SO) = f') = y’x=0; = ~ ET, (M,)x=0}3 
stg 
( f'*() (q.) t 


Substituting these values into Equation [9], the equation of the 
deflection curve can be written at once for any particular case. 
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Taking, for example, a cantilever beam loaded as shown in 
Fig. 6a, we have at x = 0 


gl® ql 
0) = f'(0) = "(0 10) — 
$0) = $0) = 0; = = — 
IV 0 = q 
Ely LET, 


Putting these values into Equation [9] we get the formula for the 
elastic line 


(10 


If in the case of the fixed-end beam, as shown in Fig. 6b, we assume 

for the fixed-end moment that M,=9 = —(ql?/12) the expres- 

sien for the elastic line can be written briefly by substituting 
ql? 


= ——-; 


the values = f'(0) = 0; 12E/, 


f"(0) 


l 
and f'%(0) = into Equation [9] obtaining 


In such a case as that of Fig. 6c where the value of f’(O) is not 
known in advance, we can write an expression for the elastic 
line by keeping this quantity unknown. This expression is 


ql 
3! 


— 12] 
5! LEI 


y = xf'(0) 


and from here, according to the condition that at z = 1, y = 0 
the unknown f’(0) can be determined as f’(0) = (7/360) (ql*, 


Ely). Substituting this into the Equation [12] we obtain the 
formula for the deflection curve in Fig. 6c as 
y = — 10— 


This procedure seems to represent the shortest and most con- 
venient method for deriving beam deflection formulas yet ad- 
vanced. To the writer’s knowledge, however, no one has, as yet, 
called attention to it. 
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A Theory of Sharp-Edged Orifices 


By W. E. HOWLAND,! LAFAYETTE, IND. 


The author presents a figure in which the coefficient of 
discharge C,, velocity C,, and contraction C, determined 
by several investigators are plotted logarithmically as 
points against Reynolds’ numbers. Curves for the coef- 
ficients drawn by the author, based on theoretical con- 
siderations, show good agreement with the experimental 
data, thus throwing some light upon the basic phenomena 
of the discharge of sharp-edged orifices. The variation of 
the coefficient of discharge of a circular orifice as a function 
of the Reynolds number is explained as a purely viscous 
phenomenon for low Reynolds numbers, and by means of 
a momentum analysis for higher speeds. The analysis 
presented by the author leads to the development of sev- 
eral formulas for the discharge coefficient, which formulas 
are in fair agreement with experimental results. 


IG. 1 shows many experimental values of the coefficient of 
discharge of circular sharp-edged orifices. The experimental 
points are those obtained by several investigators during the 
last 50 years and were copied directly from previously published 
data.?. The coefficient of discharge C, is plotted logarithmically 
against Reynolds’ numbers, de- 


the basic phenomena of the discharge of sharp-edged orifices. 

As will be noticed in Fig. 1, the value of the discharge coefficient 
C, is nearly constant for large Reynolds numbers. As R de- 
creases, however, C, slowly increases until it reaches a maximum 
value of approximately 0.8 at values of R between 120 and 400. 
A further decrease in # results in a decrease in C, which becomes 
very prominent for values of R below 40. 

The problem of rationalizing these values of Cz is to account 
quantitatively for the pronounced direct effect of R upon C, in 
the lower region, the attainment of a maximum value when R is 
about 400, and the slight but definite inverse effect of R upon Cy, 
in the right-hand portion of the data. 

The method of derivation of theoretical curves is based upon a 
division of the data into two portions: The left portion below a 
Reynolds number of about 30 in which viscous forces predomi- 
nate, and the right portion in which it appears that inertia forces 
predominate. An appropriate function for the value of the 
velocity coefficient C, is selected for each portion of the data and 
then, by means of the momentum equation which relates C, 
to the coefficient of contraction C,, the coefficient of discharge 
(C, = C.C,) is finally obtained. This theorizing, as will be seen, 


fined as R = Vgh d/v, where | CurveB T 
q is the acceleration of grav- bd to CurveD 
ity, his the head on the cen- 06 agi 
ter of the orifice, and is the 4 10¢ 10° 10* 10° 10° 
kinematic viscosity. The Vvgh djv=R 
lower right-hand insert of Fig. 0.3 7 1.00 | nl 
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accurate set of values of the © 0.1 £0.80 A \ 
coefficient of discharge as “oo 20.75 
given by H. Smith.* Further- CurveD 
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Lea‘ are plotted. The values 0.03 fede 
of R were computed by the 0.60 G > 
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kinematic viscosity of 0.01 20 40 103 
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The curves plotted in Fig. 1 
are based on theoretical consid- 
erations by the author. They show good agreement with experi- 
mental data and it is hoped that they will throw some light upon 


' Associate Professor of Sanitary Engineering, Purdue University. 

? “Hydraulics for Engineers and Engineering Students,” fifth edi- 
tion, by F. C. Lea, Arnold, London, 1930, pp. 95 and 97. 

3 Ibid., p. 97. 

‘ Ibid., p. 85. 

Contributed for presentation at the Joint Meeting of the Applied 
Mechanics and Hydraulic Divisions of THe AMERICAN SocrETY OF 
MECHANICAL ENGINEERS, to be held at Cornell University, Ithaca, 
N. Y., June 25 and 26. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until August 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


A-53 


Fic. 1 oF DiscHarGe, VELOCITY, AND CONTRACTION FOR SHARP-EDGED ORIFICES 


results in three distinct functions for the coefficient of discharge 
in three different regions of Reynolds’ number. It will not be 
maintained that the discontinuities in slope represented by these 
three functions really exist in the actual data or that the curves 
so obtained represent the best possible fit, but it is observed that 
the agreement is quite satisfactory. 

In the viscous and near-viscous portions of the diagram it will 
be assumed that the fluid in contact with the wall surrounding 
the orifice is stationary and that the components of velocity of 
all fluid particles paralle] to the wall as they leave the orifice are 
so nearly zero as to cause the coefficient of contraction to be 
practically unity. 

Curve A is based upon this assumption and on the additional 
one that the head loss varies directly with the velocity, as is 
known to be true for all purely viscous phenomena without inertia. 
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To express the previously mentioned assumption mathe- 
matically, the head loss [(1/C,?) — 1]v?/2g was placed equal to 
such a function of the velocity head (v*/2g), C,, and of the Rey- 
nolds number R as would involve v to the first power. Since 


v = (2gh) 


(22. 
2g RC, 2g C.d (2gh) 29d 
where N is a numerical factor. Equating 
[2] 
then 
C, = V(N3/4R}) + 1 — (N/2R).......... [3] 


Assuming that C, = 1.0, N must be 37.5 to agree with the 
experimental data for Cz for small Reynolds numbers. The 
curve so obtained (curve A) departs noticeably from the ob- 
served data at values of R greater than 40. Below these values 
the agreement with experiment is fairly good. 

Curve B for C, is based upon the assumption that the head 
loss in this region varies with the 1.5 power of the velocity. A 
value of the constant was chosen to obtain reasonably good 
agreement with the values of C; shown on Lea’s curve? between 
values of R of 40 and 400, where it is thought that the experi- 
mental values of Cz are practically equal to C,, i.e., that C, is 
practically equal to unity. 

To express this assumption mathematically, the expression 
for head loss [(1/C,?) — 1] v?/2g was placed equal to such a 
function of the velocity head (v?/29), C,, and of R as would involve 
v to the 1.5 power. This function is M(v?/2g)(RC,)—'” and 


(1/C,) — 1 = [4] 


where M is merely a constant. 

In the upper region of curve B especially in the extreme right- 
hand region for which the best data are available, the value of C, 
does not vary greatly from unity, and its variation has only a 
slight effect upon the right-hand term of Equation [4]. Ac- 
cordingly, for the sake of simplicity, it will be assumed that 


1 v? 
— —= M——....... 
from which it follows that 
M — 
Cs = (ar + ') 


The value of M has been found to be 10 to obtain the agreement 
desired. 

Further experimental justification for the assumption of the 
1.5 power is furnished by the work of D. Smith and W. J. Walker® 
on the direct experimental evaluation of C,. The author has 
plotted certain of these coefficients (those for orifices greater 
than 1 in. diameter) on the lower plot of curve B, and has made 
further studies of the variation of (1/C.?) — 1 with R for all of 
the Smith-Walker® values and found that a function of the type 
assumed previously by the author would fit their data for separate 
orifices very well. 

As will be seen from Fig. 1, curve B for the velocity coefficient 
also represents C, fairly satisfactorily for values of Reynolds’ 
numbers between 30 and 400. In other words, the value of the 
contraction coefficient appears to be about unity for this region 


‘ “Hydraulics for Engineers and Engineering Students,” fifth edi- 
tion, by F. C. Lea, Arnold, London, 1930, p. 85. 
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also, but for values of X greater than 400, C, decreases sharply, 
causing the decrease in Cz observed. 

This phenomenon is in quantitative agreement with the re- 
sults of a momentum analysis as published previously.6 The 
equation used is based upon the fact that the forces acting are 
equal to the rate of change of momentum of the moving fluid. 
In its derivation it is necessary to make an arbitrary assumption 
concerning the velocity distribution at the wall in which the 
orifice is located, which detracts from the generality of the result- 
ing equations. The particular assumption made in this study is 
that the velocity at any point in contact with the wall is equal to 
the flow divided by the area of the portion of a sphere within 
the tank which passes through that point in the wall, and whose 
center is in front of the orifice at a distance of 0.76 times the 
radius of the orifice. This particular assumption results in a 
value of 0.592 for Cz when C, = 1.00, which is the case for very 
high Reynolds numbers. This coefficient 0.592 is the minimum 
one obtained by H. Smith’ for his orifices at high heads and 
diameters. The resulting function for C, plotted as curve D in 
Fig. 1 is 

2— V4 — 2.104/C,? 
C.= 


Curve E for C, is obtained by multiplication of corresponding 
values from the curves B and D, i.e., Cg = C, X C,. 

The function for C, attains the maximum physically possible 
value of unity when C, = 0.823 and when R = 450. The func- 
tion for C, also reaches a maximum at this point; hence, the 
statement previously made that the decrease in C, with increas- 
ing values of R, when R is about 400, is in quantitative agreement 
with the momentum equation. 


CONCLUSION 


1 The variation of the coefficient of discharge of a circular 
orifice as a function of Reynolds’ number can be explained as « 
purely viscous phenomenon for low Reynolds numbers and by 
means of a momentum analysis for higher speeds. 

2 The analysis leads to the following formulas for the dis- 
charge coefficient, which formulas are in fair agreement with 
experimental results: 


When 1 < R < 30 


37.8? 
= +1— OR {8} 


10 


(10) 


10 


2— V4 — 2.104/C,? 
1.052 


where 


and 


C, = 


‘Derivation of Coefficients of Orifices,"’ by W. E. Howland and 
J. D. Richetta, Journal of the Franklin Institute, vol. 223, January, 
1937, p. 83-94. 
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Working Stresses for Members Subjected 
to Fluctuating Loads 


By JOSEPH MARIN,' NEW BRUNSWICK, N. J. 


Many machine members, such as shafts and axles, are 
subjected to stresses which do not remain constant in 
magnitude but fluctuate with time. Under such condi- 
tions, the resisting strength of the material is reduced and 
hence a different working stress from that for static stresses 
must be used. To determine this working stress, it is 
convenient to first establish the maximum working stress 
for simple tension in the case of fluctuating stress. With 
this as a basis, the case of combined stresses can then be 
considered. The evaluation of working stresses for mem- 
bers subjected to fluctuating combined stress has been 
made by Soderberg,’ based on a shear theory of failure. 
However, recent tests by Gough,? indicate that for ductile 
materials, a shear-energy theory is in better agreement 
with experiment. The following paper deals primarily 
with the formulation of such a theory and its application 
to design. In addition, a comparison is made of designs by 
this theory with those now in use. In this discussion, 
ductile materials are considered and, in_ particular, 
medium-carbon steels. 


STRESS 


HE GENERAL case of fluctuating tensile stress can be con- 

sidered asa combination of a mean stress o,, and a variable 

stress +o,, such that the stress value iso at a time ¢ as 
shown in Fig. 1. It will be assumed that the variation of stress 
is sinusoidal so that at any time ¢ its value is o = o,, + o, sin 
(2rt/T). This assumption is justified since both the test data 
and applications usually considered, have such a variation of 
stress. When o, = 0, the stress is entirely static, and for a ductile 
material failure will be defined when the stress ¢,, = o,, the 
yield point of the material. When ¢,, = 0 the stress varies from 
+o, to —o, and there occurs complete reversal of stress, such 
that the material eventually fails at a stress o, = o,, the endur- 
ance limit for complete reversal of stress. For the general case, 
between these limiting conditions, the maximum stress at failure 
(Gnax = Om + o,) has a value different from o,, or o,. Its 
magnitude depends upon the ratio of ¢,, to ¢, and must be deter- 
mined by experiment. Such experimental results as determined 
for several medium-carbon steels are summarized by Gough.‘ 
Plotting these results as shown in Fig. 2, the relation between 
o,/o, and o,,/o, is usually a curve joining the point C which 

‘ Assistant Professor of Engineering Materials, Rutgers University, 
Mem. A.S.M.E. 

* “Working Stresses,’’ by C. R. Soderberg, JouRNAL oF APPLIED 
Mecuanics, Trans. A.S.M.E., vol. 57, September, 1935, p. A-106. 

_' “Report of the National Physical Laboratory,” by H. C. Gough, 
Engineering, vol. 3626, July 12, 1935, p. 43. 

‘*Fatigue of Metals,”’ by H. C. Gough, Benn, London, 1926. 
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represents the yield point and the point A, the endurance limit 
for complete reversal. It is necessary, in order to determine 
working stresses for the problem of combined stresses, to define 
the relation between the stresses o,, and oa, in simple tension at 
failure. A reasonable and simple assumption is to define failure 
by the straight line AC. This procedure is justified since the 
test results are on the safe side. In this way, the value of the 
variable stress at failure o, corresponding to a mean stress o,, 
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as represented by the ordinate of the point D, is defined by the 
equation of the straight line AC or 


where m = ty». 
Placing ¢, = omax — o,, in Equation [1] the maximum stress at 
failure is 


[2] 


The variation in the stress omax is shown by the line AC in 
Fig. 3. For a mean stress ¢,, the working-stress value of omax 
is represented by the ordinate to the straight line DE namely 


(omax/n) = (1 — m)o,, + (¢,/n).......... 


where n = the factor of safety. 
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Having defined the working stress for simple tension, it is now 
possible to proceed with the case of combined stresses. 


COMBINED STRESSES 


For the case of static stresses, the working stress can be 
easily determined in terms of the principal stresses using one of 
several theories. To proceed in a similar manner in the case of 
fluctuating stresses, it is first necessary to develop a theory for 
defining failure. This is a new field of study and for ductile 
materials it is reasonable to assume, as for the case of static 
stresses, that failure is defined as a function of the shear energy. 
That is, failure in the case of combined fluctuating stresses is 
assumed when the shear energy corresponding to the maximum 
and mean components of stress reaches the corresponding values 
at failure in the case of simple tension. This procedure is analo- 
gous to that used for static stresses. There is some experimental 
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evidence to support the determination of working stresses on this 
basis of shear energy in place of shear stress. This is indicated 
by recent tests in fluctuating bending and torsion with complete 
reversal of stresses. These tests were made by Gough’ at the 
National Physical Laboratory, England, and are interpreted by 
the author in Fig. 4 for the purpose of comparison with the vari- 
ous theories. Thus, if 0; and o are the principal stresses for com- 
bined bending and torsion, and o is the endurance limit for simple 
tension and compression, then the stress ratios o:/o and 
o/o at which failure occurs under combined bending and torsion, 
are indicated in the figure by the small circles. There are also 
shown the relations between the stress ratios o/o and o2/o as 
determined by various theories of failure. Inspection of the 
figure shows that the maximum shear-energy theory is in closest 
agreement with the test results. 

To formulate a shear-energy theory for fluctuating stresses, it 
is first necessary to consider failure in simple tension. For this 
purpose, it is expedient to determine another fundamental rela- 
tion for defining failure a relation to replace that given by 
Equation [2]. To do this, consider the shear energy for the case 


JOURNAL OF APPLIED MECHANICS 


of simple tension. Its value is V = [(1 + 2)/3# |o? and it varies 
as shown in Figure 6. The values of the shear energies correspond- 
ing to the maximum and mean stresses are Vinax = [(1 + »)/ 
3E|omax? and V,, = [(1 + v)/3E]o,,’, respectively. A relation 
between the shear energies Vmax and V,, can be obtained by 
using the straight-line relation between omax and o,, as defined in 
Equation [2]. Thus, for a specific value of the shear energy 
V,, corresponding to the mean stress o,, the value of the maximum 
shear energy Vmax at failure is from Equation [2] 


VV mex = (1—m V/V, + + 


The values of Vmax corresponding to different values of the 
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shear energy of the mean stress V,, as obtained from this equation 
are shown in Fig. 7. This will be the fundamental relation 
which can now be used for the two-dimensional case of stress. 
For combined stresses in one plane, consider two perpendicu- 
lar axes x and y at any point of a body subjected to fluctuating 
loads as shown in Fig. 5. Then at any instant of time there will 
be produced normal stresses ¢,0, and a shear stress r,,. As the 
load fluctuates, these stress components change in value such that 
the maximum values of and 7,, will be denoted by 
and the mean values by o,"0," andr,,”. It will be assumed 
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that the maximum stresses ¢,’c,' and r ,,’occur at the same in- 
stant of time and that the mean stresses o,"o," and Try’ occur 
at the same instant of time. This is justified since in most 
cases, and in the applications usually considered, the loads are 
synchronous and give such a condition. The shear energies 
corresponding to the maximum and mean components of stress 
are,® respectively 


1+ 
Vmax = [(o,’)? = (c,')? 3(r,y’)?] | 
[5] 
Vn = + (04°)? + | 


Then by the maximum-shear-energy theory, it will be assumed 
that failure occurs when the values of Vmax and V,,, as defined 
by Equation [5], reach the values at failure for simple tension, 
as defined by Equation [4] or . 


V — + (oy')? + 
— (1—n) + (o,")* + 3(r,,")? = 0,. . . [6] 


This means that for given values of the mean components of 
stress, the relation between the maximum components for failure 
is given by Equation [6]. To determine the allowable relation 
between the stress components, it is only necessary to replace 
the stress at failure in simple tension ¢ = o,/m by its allowable 
value ow = Then for a working stress oy 
the relation between the components of stress by the maximum- 
shear-energy theory is 


= a,/Onm: 


| Ver — (¢,'¢,")+ (o,’)? + 3(r,,')? 


Basing failure on the maximum shear theory, as developed by 
Soderberg,? the corresponding relation between the components 
of stress is 


— 
m 


The manipulation of Equation [7] based on the shear-energy 
theory is as simple in applications as Equation [8] based on the 
shear theory. 


APPLICATIONS 


A comparison of designs by each of the shear-energy and shear 
theories is of interest. For this purpose, two conditions occurring 
in the design of transmission shafting will be considered. In 
each case, the size of shafting as determined by the two theories 
will be compared with the size required using the A.S.M.E. Code 
for Transmission Shafting.6 To show the effect of the fluctuat- 
ing part of the stress, a comparison is also made with the shear 
theory considering the loads as static. 

Rotating Circular Shaft Subjected to Static Pure Bending and 
Static Torque. A rotating shaft subjected to a pure-bending 
moment M and a torque M, is shown diagrammatically in Fig. 8. 
For a rectangular element at a point A there is produced a shear 


*“Theory of Elasticity,” by S. Timoshenko, McGraw-Hill Book 
Company, New York, N. Y., 1934. 

* “Code for the Design of Transmission Shafting,”” The American 
oe of Mechanical Engineers, 29 West 39th Street, New York, 
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stress r,, due to the torque and a normal stress o, due to the 
moment. The values of these stresses in terms of the loads are 


Mrsine Myr 
= —— and = — 


I = J 
As the shaft rotates, the value of the normal stress reaches a 
maximum value Mr/I when a@ = 2/2 (at point B), decreases to 
zero when a = 0 (at point D) and becomes a minimum —Mr/IJ 
when a = 3/2 (at point C). During this time the shear stress 
T,, remains constant. Then the maximum and mean com- 
ponents of stress are 
Mr M,r 


co,’ = a,” =0, try’ = Try” = Try = 7 


Substituting these values of the stress components in Equations 
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[8] and [7], the required diameters D, and D, are by the shear 
and shear-energy theories, respectively 


D, = k{-V4R? + 
D, = k{V/4R? + 3— (1 — m) 
where k = ¥/(16M,/xmow) and R = (M/M, 


. [10] 


Assuming the loads as static and using the maximum-shear theory 
the required diameter is 


Dy = kW/m V(4R? + (11] 


.... [8] In the A.S.M.E. code for transmission shafting* the 


effect of fluctuating loads is considered by applying a 
factor greater than one to the values of the fluctuating loads. 
Apart from this modification, it is based on the shear theory of 
failure. In terms of the symbols used previously, the required 
diameter by this code is 


Dy = k{2m V/(1.5R)? + (12] 


In order to determine the diameter as required by each theory, 
it is necessary to know the experimental constant m = o, 
/oyp- Considering only steel shafts, an average value for m is 
0.80. Using this value of m a plot is made in Fig. 9, showing the 
variation in diameter with change in the load ratio R. In this 
way, the diameter for a specified load ratio can be determined 
by multiplying the ordinate corresponding to this load ratio by 
the factor k. The value of k is easily computed for a given work- 
ing stress ow since m and M, are known. Fig. 9 shows that there 
is considerable difference in the size of shafting as required by 
each theory. By the maximum-shear theory, considering the 


stress as fluctuating, the required diameter is in all cases greater 
than by the shear-energy theory, the maximum difference in 
diameter being about 6 per cent. In the case of the A.S.M.E. 
code, the values of the diameter are on the safe side for all load 
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ratios R, with a maximum difference of about 8 percent. By the 
maximum-shear theory, considering the loads as static, the design 
is unsafe for load ratios R greater than about 1.0. 

Circular Shaft Subjected to Fluctuating Pure Bending and 
Fluctuating Torque. There are, in practice, shafts that are sub- 
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jected to both a fluctuating bending moment M and a torque 
M,. Let the values of these loads vary from maximum values 
of M’ and M,’ to minimum values of M” and M,”. It will be 
assumed that the maximum and minimum values of these loads 
occur at the same instant of time. This is justified since it is the 
loading condition which usually occurs. The normal stress 
c, produced by the moment M on an element at the point A 
will vary as the shaft rotates and as M changes in value, such 
that it is maximum and equal to a,’ = M’r/I at a point B 
and a minimum equal —M’r/I for the point C. Then the 
values of the maximum (c,’) and mean (¢,”) stresses are 
+M’r/I ando,” = 0 


= 
The shear stress r,, produced on the element at A by the torque 
M, will vary as the torque changes from a maximum value M,’ 
to a minimum M,” such that the maximum and mean values of 
the shear stress are 


M/ + M," 


It is now possible to determine the diameter required by each 
theory. From Equations [8] and [7] the diameters required by 
the shear and shear-energy theories are, respectively 


D, 
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where k = (16M,'/xmow) and R = M'/M,’' 

The values determined are for the special case where the 
maximum and minimum torque are equal but opposite in sign. 
By the maximum-shear theory with the stresses assumed as 
static, the required diameter is 


D; = k [15] 


Using the A.S.M.E. Code, in terms of the symbols above, the 
diameter is 


D, = k [2m /(.5R)? + 


A comparison of diameters by these theories for different load 
ratios R is shown in Fig. 10 for a value of m = 0.8. By the 
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maximum-shear theory, considering fluctuating loads, the diame- 
ters required are in all cases greater than those required by the 
shear-energy theory with a maximum difference of 5 per cent. 
In the case of the A.S.M.E. code, the values of the diameter 
are on the safe side of those required by the shear-energy theory, 
the maximum difference being about 7 per cent. If the loads are 
considered as static and the shear theory is used, the design is 
unsafe. In this case, the diameter may be as much as 26 per 
cent undersize. 

These examples show that there is sufficient difference in the 
design of shafting to warrant the use of the shear-energy theory. 
However, it is realized that more experimental work is necessary 
before a definite conclusion can be reached. 
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Buckling of Compressed Rectangular Plates 
With Built-In Edges 


By J. L. MAULBETSCH,' ANN ARBOR, MICH. 


The author presents the results of a study made of two 
approximate methods available for determining the buck- 
ling load of compressed rectangular plates with built-in 
edges. One method gives values larger than the true 
buckling load, while the other method gives values smaller 
than this load, thus permitting an estimate of the approxi- 
mation of the solution. 


LTHOUGH a rectangular plate with built-in edges and 

Awe forces acting in the plane of the plate is of frequent 

occurrence in engineering construction, the determination 

of the buckling load for this particular case has not been entirely 

solved. This problem has been treated in several recent papers, 

which deal principally with methods of determining the buck- 
ling load and do not offer numerical data. 

The first solution, in form of a series, was given in 1933 by 
Taylor (1).2. The exact evaluation of the buckling load requires 
the calculation of a determinant with an infinite number of 
terms. Computations are usually limited to the use of a few 
terms so that only an approximate value is obtained for this eriti- 
cal load. Such calculations were made by Faxen (2). 

Weinstein (3) and Trefftz (4) independently have shown that 
Taylor’s method leads to values of the buckling load which are 
smaller than their exact value. Trefftz makes use of a general 
method published by him in 1926 (5). In this discussion we shall 
refer to this method as Taylor-Trefftz’ method. 

Another method of obtaining an approximate solution is to 
apply the energy method developed by Timoshenko and applied 
by him in many stability problems (6). This method also makes 
use of a solution in form of a series. Ritz (7) has shown that 
problems of this type are solved exactly if an infinite series of 
properly chosen functions are used. The values obtained for 
the buckling load by means of the energy method are larger than 
the true buckling load (11). 

Since Taylor-Trefftz’ method leads to a value smaller than the 
exact value of the buckling load, and the energy method gives a 
larger value, it becomes possible to obtain an approximate solu- 
tion the maximum error of which is known. In the present paper, 
these two methods are applied to the case of a rectangular plate 
with built-in edges uniformly compressed in one direction. 


Buckuine Loap ror Buiit-In RecraNGULAR PLATES 


Consider a rectangular plate built in on all four edges as shown 
in Fig. 1, Uniformly distributed forces are applied in the plane 
of the plate along two opposite sides, the other two sides being 
free of applied forces. The methods discussed here can be ap- 
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plied as well to cases where some uniform load is also acting along 
these two sides. 
The following notation is used: 


2a = length of sides free of applied forces 
2b = length of sides loaded by forces applied in the 
plane of the plate 
a = a/b = ratio of length of sides 
h = thickness of the plate 
P, = compressive force uniformly distributed over 
edge 2b 
w = deflection of plate in direction perpendicular 
to the plane of the plate 
xz, y = axes of rectangular coordinates, with origin at 


the center of the plate, and with the z-axis 
parallel to the forces P; 
E = Young’s modulus of the plate material 
Poisson’s ratio of the plate material 
D = Eh*/ 12(1 — u*) = flexural rigidity of the plate 
wl (2 WAVES). 


UNIFORMLY OISTRIBUTED LOAD 
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ll 


DEFLECTION CURVE 
IN Y- DIRECTION 


NE 
2 
- 
o| 
= 
= 
—a 


Fie. 1 Compressep RECTANGULAR PLATE Buitt-In EpGes 
SHOWING DEFLECTION w WHEN PLATE BUCKLES 


The material is assumed to follow the usual assumptions of 
the theory of elasticity, that is, it must be isotropie and follow 
Hooke’s law. 


The value of P; that will produce buckling is determined by 


where \? depends on the ratio a/b as shown in Fig. 2. The 
derivations of the curves and tables for the \?-values are given in 
the Appendix. 

The upper curve in Fig. 2 gives the values of \? obtained by the 
energy method; the lower curve gives those obtained by means of 
Taylor-Trefftz’ method. The exact value of \* is between these 
two curves. If the average of these values were used for the 
buckling load, the error involved is less than 2 per cent for ratios 
a/b smaller than 2.5 and less than 4 per cent for larger ratios. 

The error increases with increasing values of a/b due to the 
slow convergence of Taylor-Trefftz’ method. This fact is shown 
in Fig. 3 where the values of \? obtained by successive approxima- 
tions are given. We see that the difference between successive 
values of \? calculated by the energy method decreases much more 
rapidly than those determined by Taylor-Trefftz’ method. In 
order to obtain a smaller error it is necessary to calculate further 
approximations. However, these computations become too 
lengthy to be practical.* 


3’ The slow convergence of Trefftz’ method is mentioned in the 
literature by Holl (8). 
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The buckling loads of rectangular plates with two opposite 
edges built in and the other two simply supported are also shown 
in Fig. 2. The case where the sides 2b are simply supported was 
solved by Timoshenko (9); Schleicher (10) solved the case where 
the sides 2a are simply supported. 
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Fie. 2. Bucxutne Loap P; = A*D/b?, Wuere D Is THE FLEXURAL 
RIGIDITY OF THE PLATE 


It is seen that for 
tl long rectangular 
EMs2ENERGY METHOD plates, that is when 
a/b is very small or 
very large, the edge 

rq conditions along the 
short sides have little 

20h effect on the buckling 
—— load, except that it is 


somewhat larger 
when these edges are 
built in than when 
they are simply supported. This is to be expected because of the 
increased rigidity of the plate due to the built-in conditions. 


Fic. VALUES OF A? By Suc- 
CESSIVE APPROXIMATIONS 


CONCLUSIONS 


In order to determine the buckling load of a plate with built-in 
edges two approximate methods are available: The energy 
method which gives a value larger than the exact buckling load, 
and Taylor-Trefftz’ method which gives a smaller value. Thus, 
an approximate solution the maximum error of which is known 
is obtained. 

For a rapid determination of the buckling load the energy 
method is to be preferred. It gives successive approximations 
which are more rapidly convergent than those obtained by 
Taylor-Trefftz’ method, and also does not require lengthy 
computations. 


Appendix 
MATHEMATICAL DERIVATION 


In order to obtain the buckling load of a flat plate it is necessary 
to find a solution of the following partial differential equation of 
the fourth order 


where the terms are as defined previously in this paper. 
This equation is well known, and its derivation may be found 


in several publications (11, 12). 
The deflection w is subjected to certain boundary conditions. 
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In the case of a rectangular plate with built-in edges these condi- 
tions are 


> y = +band—aszsg+a 
(I) = Ofor ¥ +aand—bsSysSs+b 

ow 

= Ofor y= 
wi” 

ow 

-_ z= +aand—b sys +b 


Instead of using the variables z and y, we introduce new vari- 
ables & and » such that 


z = tb 
From which we obtain 
4 
where 
[5 
If a = a/b, the boundary conditions become 
(n= +land—asSisSa ) 
ow 
(ID) 
| = Ofor § = +aand—l1 +1 


The differential equation and the boundary conditions can 
both be satisfied only for certain values of \?. The determination 
of \? gives us the buckling load P; as given by Equation [5.. 
The procedure followed in this paper to obtain the curves of 
Fig. 2 will now be given. 


EnerGyY Metuop 


The function w and the parameter \? defined by the partial 
differential Equation [4] and the boundary conditions in Equation 
[6] may also be defined as follows: 

A function w and a parameter \? are to be determined so that 


the first variation 
S) 


vanishes. The range of integration is limited by the edges of the 
plate. 

This expression is obtained from the condition of stability that, 
if the plate is to be in equilibrium while it has a certain deflection 
w, the first variation of the potential energy must be zero. 

The energy method consists in choosing a function w, depend- 
ing on n undetermined constants a,: 


n 


i=1 

where the functions y; are chosen so that w, satisfies the boundary 
conditions of Equation [6]. 
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There are few restrictions on the functions ¥,; however, if 
they are chosen so as to represent closely the probable deflection 
of the plate, the solution becomes very accurate. Ritz has shown 
(7) that in order to justify the method mathematically, the func- 
tions ¥; should belong to a set of orthogonal functions. Such a 
set is given by the functions representing the normal modes of 
vibration of a bar clamped at both ends. 
well known (13): 

(a) For an odd number of waves n 


These functions are 


oa, det dn! 
ow, 
+»? = 0 [11] 


where = 1,3... .n, or 2,4... .n. 

This system of equations is homogeneous and in order that it 
may have a solution its determinant must vanish. This condition 
is satisfied for certain values of \? and the smallest one gives the 


cosh cos k,x — cos k,@ cosh k,x approximate solution sought. 
i Va Veoshtk, + cos? kya TABLE 1 VALUES OF 2 CALCULATED FROM THE ENERGY 
7 : The values of k, are found as follows: 
4 Functi 
n=1 kia = 2.3750 1 wave (wi + we No. of 
= 5.4078 aves For an odd number of waves: Ratioa/b + waves 
| 3 waves 0.500 49.20 48.88 ... 1 
n=65 ksa = 8.6394 5 waves 0.572 39.41 
O70 .... ..... 1 
: (b) For an even number of waves n 2.250 19.90 19.64 ide 3 
sinh k,a sin + sinh k,@ sinh k,x 3.500 19.00 18.36 18.20 5 
5 V V sinh? k,a — sin? k,, 4.000 19.10 18.38 5 
4 For an even number of waves: uti (uz + (uz us 
where 1.250 23.48 23°16 
n=2 = 3.92660 2 waves 1.500 20.86 
: n=4 kya = 7.06860 4 waves 2.750 19.40 19.15 ... 4 
n=6 ke = 10.21020 6 waves 
. n=8 kga = 13.35200 8 waves 3. 19.90 4 
1 = @ In this table un = , and vn = un() of Equation [9]. 
6 These functions satisfy the conditions w = 0 and dw/dzr = 0 
He. TABLE 2 VALUES OF \? BY TAYLOR-TREFFTZ’ METHOD 
We assume for the functions y¥; of Equation [8] No. of 
( 2) », ( Ratio a/b Functions waves 
= = = we 
on. Which satisfy the boundary conditions of the problem, i.e., Equa- 0.10 23.99 . 86 1 
5). tion (6) 2:00 16.37 18.76 19.343 
5). 
of It was found that the best results were obtained by using for ene a ae 3.50 os 16.30 16.80 5 
r of waves: 
; the numerical computations 1.50 19.79 20.49 2 
1.752 18.52 20.12... 2 
3.00 17.10 4 
j = [9] @ Values calculated by O. H. Faxen (2). 
4 
1,3. 
ion i ory = 2, 4... The functions w, used to determine the curve shown in Fig. 2 
hat | Where n is the number of waves at buckling. and the corresponding value of \* are given in Table 1. 
; Introducing Equation [9] into Equation [7] we obtain an inte- TAYLOR-TREFFTZ’ MprHop 
gral depending on the undetermined constants a, and X. 
5 The condition that the first variation 67 must vanish is replaced In = der “ find a solution of Equation (6) with the boundary 
- conditions given by Equation [7], a function 
i@ ol m 
[7 Oa, Wn = C9; [12] 
the | ) where » = 1,3....n ory = 2,4....n, which gives a system of leads 
it equations in a, is taken. The functions ¢; are chosen so that w,, satisfies the 
hat. fe aI > farw.\ 2" > [or 3 partial differential Equation [6] and one of the boundary condi- 
tion SS (=) +3 — ( Wn tions. In this case let w, = along the edges. The other 
da, \ J Oa, \ 08 On? boundary condition dw,,/dn = 0 is replaced by 
end- d \ d \ 
da, \ dn? J de? day \ dn? J dn? [13] 
(2) [10] where i = 1 to m, and where the integral is taken over the 
“| Oa, \ OF / OF boundary of the plate. 
where » = 1.3 — . The functions q; and the constants c; are determined‘ so that 
ders Integrating by parts and noting that w, satisfies the boundary w,, satisfies Equation [7]. This condition leads to 4a homogeneous 
conditions of Equation [6] we obtain 4 Procedure of this method is given in several publications (3, 4, 8). 
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system of linear equations in c;. In order to have a nonvanishing 
solution, its determinant must be zero. This determinant de 
pends on ?, and the smallest value \? which is a root of the deter- 
minant gives us an approximate value of the buckling load. This 
approximate value is smaller than the exact buckling load 
(3, 4). 

In the case of the rectangular plate we have to make a distinc- 
tion between buckling into an odd or an even number of waves. 
If we consider an odd number of waves in the z-direction, we 


assume 
n 
tre ) 


3= 1,8... 


u 


mn 


i= 1,3... 


If it buckles into an even number of waves 


Una = sin + c; f;(§) cos .{15] 
t= 1,3,5 j = 1,3,5 


The functions f;(£) and f;(n) are determined by introducing wy, 
into Equation [4]. We obtain, therefore, for an odd number of 
waves: 


( 
On! 2a On? 


[16] 
f,(n) must be odd; also, f,(n) = 0 forn = = 1 
f,(&) must be odd; also, f(t) = 0 for’ = +a 


for j an even number of waves 


ont on? ? = 0 
[18] 
+ E —2 | De = 0..[19] 


f,(n) must be odd; also f;(y) = 0 forn = + 1 


must be even; also f;(é) = 0 = +a 
From Equations [16] to [19] we get f;(n) and f,(é). 


The homogeneous system of equations previously mentioned 
is for an odd number of waves 
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+a 
— cos — dt = fort = 1tom 
2a 


9 
{20} 
« } 
and for an even number of waves is 
_ : ) 
— sin — dt = Ofori = 1ltom 
OF a | 


Oforj =l1lton 


+1 
cos da 
il 1 O€& 2 


Equations [20] and [21] are functions of \?, and the smallest 
value of \? which makes the determinant of these equations 
vanish gives us the solution. 

The values obtained by this method are given in Fig. 2 and 
in Table 2. 
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The Leakage of Gases Through Narrow 


Channels 


By ADOLF EGLI,' PHILADELPHIA, PA. 


In this paper a rational theory is developed as a basis 
for calcu,ating the flow of gases (compressible fluids) 
through narrow channels. For the most important 
case the solution of the general flow equation is given in 
graphical form which shows the relation between mass 
flow, pressure drop, and channel resistance. 

Tests of the leakage of air and steam through the nar- 
row clearance between a valve stem and bushing afford 
a practical demonstration of the use of the theory. 
Formulas are derived for the calculation of the leakage 
of gases through reamed bushings on ground stems. 
Expressions for the leakage of liquids (incompressible 
fluids) are obtained as special cases of the gas formulas. 


LOW THROUGH narrow channels is encountered in engi- 
F neering wherever there is leakage as, for instance, in valve- 

stem packings, ring glands on rotating shafts, and in the 
clearance space between a plunger and cylinder. The leaking fluid 
may be incompressible (a liquid) or compressible (a gas). This 
paper is devoted in particular to the more general problem of flow 
of a compressible fluid through a narrow channel, that is, through 
a channel in which friction plays an important réle. The prob- 
lem of incompressible flow is merely a special case of the com- 
pressible flow. 


THEORY OF THE FLOW OF AN IDEAL COMPRESSIBLE F Lup (IDEAL 
Gas) A NARROW CHANNEL 


Of practical interest are channels with constant cross section 
(parallel channels) only. The analysis will be limited to this 
one case. First, the equations of one-dimensional flow,? neglect- 
ing heat exchange with the surroundings, will be applied to the 
flow of an ideal gas, and thus the differential equation for the 
pressure drop will be obtained. The general differential equation 
will then be integrated for the most important practical case of 
the flow of ‘a gas, starting from rest, through a parallel channel of 
a given length. 

The Differential Equation for the Pressure Drop. Consider a 
channel such as shown in Fig. 1 with a constant cross section F 
of any arbitrary shape with a characteristic linear dimension h. 
In section z let p = the mean fluid pressure, lb per sq ft; v = 
the mean specific volume, cu ft per lb; y = the mean specific 
weight, lb per cu ft; w = the mean fluid velocity in the z-direc- 
tion, fps; 7 = the mean enthalpy (total heat), Btu per lb; and 
G = the mass flow, lb per sec. 
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In the channel element of the length dz, the pressure, velocity, 
and enthalpy increase by the respective amounts dp, dw, and di; 
and the fluid does the friction work da,, ft-lb per Ib. With the 
mechanical equivalent of heat J = 777.7 ft-lb per Btu, and 
g = 32.2 ft per sec per sec, the equation of the total energy is 


= —JUG. {1] 
and the condition of continuity is 
The equation of motion is usually expressed as 
d(w*/2g) = —edp — da.............. [3} 
Transforming Equation [3] for our purpose as 
d(w*/2g) = —v(dp — dp,)............. [3a] 


where dp, is the pressure drop due to friction, and (dp — dp,) 
represents the pressure drop necessary to accelerate the fluid. 


Fig. 1 Narrow CHANNEL 

In the case of an incompressible fluid, » is constant and, 
following from Equation [2], the velocity is also constant so that 
according to Equation [3a] 


In other words, dp, is identical with the pressure drop measured 
in an incompressible fluid. In incompressible flow it is customary 
to write for the pressure drop per unit length of channel 


(dp,/dz) = —X(1/h)(y/g)(w?/2) = —d(1/h)(1/v)(w*/2g). . [5] 


where the dimensionless resistance coefficient \ is, for a cross sec- 
tion of given proportions, a function of the relative roughness of 
the channel wall and of the Reynolds number 


where »y = kinematic viscosity of the fluid, sq ft per sec. Tests 
by Fréssel’ on smooth round pipes and the author’s tests on 
narrow annuli indicate that » is independent of the compres- 
sibility of the fluid. Therefore, combining Equations [5] and 
[3a] 


d(w?/2g) = —vdp — d(1/h)(w*/2g)dz......... [3b] 


3“Strémung in glatten geraden Rohren mit Uber- und Unter- 
schallgeschwindigkeit,”” by W. Fréssel, Forschung auf dem Gebiete des 
Ingenieurwesens, vol. 7, March-April, 1936, pp. 75-84. 
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For simplicity, assume as a fluid an ideal gas for which 
[7] 


where k = c,/c,, the ratio of specific heats at constant pressure 
and constant volume, respectively. ‘ 

To obtain the equation for the compressible pressure drop per 
unit length of channel, the procedure is as follows: First, by 
eliminating v from Equations [1], [7], and [2], a relation (w, p) 
between velocity w and pressure p is obtained which is inde- 
pendent of the friction losses. Second, by eliminating w between 
the thus obtained (w, p) relation and Equation [3b], the desired 
relation between p and z is arrived at. 
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Fig. or RovuGu Pipes 


It has been proved very practical to make this analysis in di- 
mensionless variables by introducing the dimensionless velocity 


the dimensionless pressure 


the dimensionless mass flow 
a = = . [8c] 


and the dimensionless coordinate in direction z of the flow 


where w, = [+/2g{k/(k + 1)}RT7>] = the critical velocity, fps; 
Po and vo correspond to a point at the temperature 7) where 
w = 0, R = pow/T> = gas constant; and s may be taken as 
any fixed length, ft. 

With the abbreviations 


p = s/h); Ki = (1/(k— V/[k(k + 1)/2); Ke = 2(k — 1)/k 


the differential equation for the pressure drop in the channel is 
= —— d(u/a) 


The Resistance Coefficient. The variation of \ with the Reynolds 
number Re has been most completely explored for round pipes. 
In Nikuradse’s tests‘ with round pipes, several degrees of rough- 
ness were obtained by coating the pipe wall with sand of various 
grain sizes. Fig. 2 shows some Nikuradse flow-resistance 
(A — Re) curves, which show clearly three distinct regions of the 
resistance law. 


4 “Stroémungsgesetze in rauhren Rohren,’’ by J. Nikuradse, For- 
schungsheft no. 361, supplement of Forschung auf dem Gebiete des 
Ingenieurwesens, Berlin, 1933. 
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In region I (small Reynolds’ numbers up to about 2500) 
rough and smooth pipes have the same resistance. Here the 
ridges of the pipe wall lie completely within the laminar boundary 
layer. 

In region II, the transition region, the thickness of the laminar 
boundary layer is of the same order of magnitude as the height 
of the ridges. With increasing Reynolds number the boundary 
layer becomes thinner and more ridges project through it thus 
increasing the flow resistance. 

Region III (large Reynolds numbers) is characterized by inde- 
pendence of \ on the Reynolds number. Here the resistance is 
a function of the wall roughness only. All ridges project through 
the laminar sublayer. We have fully developed turbulent flow. 

The resistance law in region I is given by 


with Re = wh/v = wd/v, where h = d = pipe diameter, ft. 
For region III, Nikuradse gives 


= (C + (7/8) {11] 


ness. 


e 


Fig. 3 NOMENCLATURE FOR NARROW ANNULUS 


It must be borne in mind that the resistance law represented by 
Fig. 2 holds only if the particular type of flow is fully developed 
throughout the length considered; that is, if a sufficiently long 
pipe (called “length of transition’) precedes the “measuring 
length.” This length of transition has been 30 to 40 pipe diame- 
ters in Nikuradse’s tests.‘ In all technical applications of nar- 
row-space flow, however, the transition length is included in the 
measured length of the channel. An effect of the length of the 
narrow channel on its flow-resistance coefficient must therefore be 
anticipated. 

The most important form of channel cross section in technical 
applications of narrow-space flow is the narrow annulus shown in 
Fig. 3. We arbitrarily take as characteristic length h the differ- 
ence between the two radii and call it the “radial clearance.” 
In order to fix the shape of the cross section we need as a second 
parameter the eccentricity e. In engineering practice the exact 
amount of e is very seldom known. We will be satisfied with 
treating the two extreme cases only, of concentricity e = 0 and 
maximum eccentricity e = h. 

No means has, as yet, been devised of exactly defining relative 
surface roughness. <A practical way out of this difficulty is to 
use as parameter the absolute clearance h and to find \ from leak- 
age tests with certain types of surface finish. 

The resistance coefficient \ for the flow through narrow annuli 
should be expected to vary principally as represented in Fig. 2, 
showing the three distinct regions: laminar, transition, fully 
turbulent. 

Integration of the Differential Equation [9] for the Case of Flow 
Starting From Rest Through a Channel of Length s. The integra- 
tion of Equation [9] is possible as soon as the channel resistance 
p = (s/h) is known as a function of either € or pu. 

If the flow in the channel is fully turbulent, \ can be taken as 4 
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constant throughout the channel since \ is independent of the 
Reynolds number. If the flow is laminar, \ varies with the Reyn- 
olds’ number. By eliminating w from Equations [2] and [6] 


Re = [12] 


Then, with the relation between kinematic viscosity v and the ab- 
solute viscosity 7 


v = n/(y/g) = neg...... .. [13] 
Equation [12] can be written 
Re = (14] 


which shows that for a given flow the Reynolds number along a 
parallel channel is dependent on » only. For simplicity, the 
variation of » in the channel can be neglected, and an average 
value of the Reynolds number can be used. The inaccuracy in- 
troduced by this procedure is of no practical importance in leak- 
age computations. 

For practical purposes of calculating gas leakage, we can as- 
sume \, and thus p, to be constant throughout the narrow chan- 
nel. Equation [9] is then easily integrated as 


p = f(a; mi; .. [15] 


relating the dimensionless mass flow a with the channel resistance 
p, and where the dimensionless pressure u; = p:/Po immediately 
after the entrance into the channel, and the dimensionless pres- 
sure ue = P2/Po at the exit shown in Fig. 1. Equation [15] may 


be written 
1 k+1 mT) 
— k O€. =) [16 


where 


Ar = (2/k)(k — 1)/(mi/a)*; = 


In practical applications, the gas before the narrow passage 
is generally at rest, representing a state which shall be described 
Po, Yo, W = 0. Wecan assume an isentropic expansion of the gas 
from its resting state to the entrance of the channel. This leads 
toa relation between mass flow a and pressure ratio uy 


[(k —1)/2k Ja? = — 


which is Saint Venant’s equation in dimensionless form. 

Equations [16] and [18] determine the relation between the 
variables: Dimensionless flow a, the passage resistance p, and 
the pressure ratio 4». Therefore, it is generally possible to cal- 
culate one of these variables if the other two are known. The 
evaluation of Equations {16] and [18] is best performed numeri- 
cally. The result of an evaluation for a gas with k = 1.3 is 
shown in Fig. 4, where a has been plotted as a function of the 
pressure ratio wu, in curves p = a constant. 

When evaluating Equations [16] and [18] it must be remem- 
bered that in the case of a flow starting at rest the velocity w, at 
the exit of the narrow parallel channel cannot exceed the acoustic 
value w,; or = cannot exceed unity. The condition 
«# = 1 yields the critical value uw, for the pressure ratio 


Mae = + [19] 


and @ versus ys, isa straight line. For pressure ratios yu: less than 
42, the velocity distribution and pressure distribution in the 
channel are independent of the back pressure p:. In this range, 
the flow a is independent of po. 

For the ideal flow without friction (p = 0), the critical-pres- 
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sure ratio reaches the value known from Saint Venant for ideal 
nozzles as 


Ba = + [20] 


This critical-pressure ratio u-, determines with Equation [19] 
the maximum value of @ which is 


[21] 


In Table 1 are listed the critical values of we, and amax for 
saturated steam, superheated steam, and air. The values for 
Q@max for a variation of k between 1.13 and 1.40 changes but 
7.5 per cent. For the most practical purposes it will be suf- 
ficiently accurate to use Fig. 4 for any technical gas. 
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Fic. 4 RELATION BETWEEN DIMENSIONLESS Mass FLow a, Pres 
SURE RaTIO 2, AND PASSAGE RESISTANCE p FOR AN IDEAL Gas WITH 
k = 1.3 as DETERMINED By Equations [16] anp [18] 


With the aid of this curve it is easy to calculate the leakage 
through any narrow passage as soon as the pressure ratio nu, = 
P2/Po, and the passage resistance p = s/h are known. In the 
reverse procedure, it is possible to determine the resistance p if 
the mass flow and the pressure ratio have been measured by test. 


TABLE 1 CRITICAL VALUES OF » AND a 


Saturated Superheated 
steam steam Air 
1.135 1.300 1.400 
Meg... 0.577 0.545 0.528 
0.636 0.667 0.685 


SpecraL Cases 


If the channel resistance p is great, the functions I; and I; ap- 
proach unity and Equation [16] can be approximated by 


By numerical comparison with the exact solution of Fig. 4, it is 
easily found that if the channel resistance is greater than 20 the 
flow « calculated from Equation [22] is in error by only 3 per 
cent or less. For p = 100, the error in a is as little as '/, per cent. 
Equation [22] holds for any gas. 

It is interesting to note that Equation [22] is identical with the 
simple labyrinth-leakage formula, as given, for instance, by 
Stodola, if p is taken as the number of labyrinth throttlings. 
This enables the designing engineer to make a very simple com- 
parison between the effectiveness of labyrinth-type packings and 
narrow-space packings. It will be the subject of a future paper 
to treat also the combination of labyrinth flow and narrow-chan- 
nel flow, that is, the flow through a number of short narrow chan- 
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nels in series. The latter type of flow takes place in a multiring 
gland and also between a grooved valve stem and its bushing. 

If the pressure drop Ap = (po — pz) is a small percentage of 
pe, the gas behaves like an incompressible fluid. It is easy to 
see that in this case Equation [22] simplifies to 


a 


This equation applies to any gas or fluid. 


EXPERIMENTAL DaTa ON THE FLOW RESISTANCE OF NARROW 
ANNULI 


Measurements have been made on the leakage of steam and 
air between a cylindrical valve stem and bushing. Steel bushings 
of 1,2,and 4 in. length, reamed cylindrical to 1 in. internal diame- 
ter have been assembled with steel stems ground to size to give 
radial clearances h of approximately 0.0012; 0.0025; 0.005; and 
0.010 in. 


| 
N | U 
N N 
Co 
N 
NA 
— 
ped 


Fic. 5 APPARATUS 


Stem and bushing were set up in a special testing apparatus, 
such as shown in Fig. 5, in which, by means of six micrometer 
screws, the relative position of the two could be controlled and 
measured within about 0.0001 in. 

Superheated steam was used as the fluid to obtain high Reyn- 
olds’ numbers; air being used to obtain low Reynolds’ 
aumbers. The steam flow has been measured by condensing and 
weighing the condensate. In the air test the mass flow has been 
determined from pressure-time records of a reservoir into which 
the air leaked. 

The leakage measurements have been evaluated with the aid of 
the curves shown in Fig. 4 for passage resistances less than 20 and 
with the approximate Equation [22] for greater values of p. 
The resulting resistance coefficients are shown plotted as function 
of the Reynolds number Re = hw/v in Fig. 6 for the concentric 
position (e = 0) and in Fig. 7 for the eccentric position (e = h) 
of the stem. 

Figs. 6 and 7 show clearly the laminar-flow region I (Reynolds 
numbers of less than about 1000) and the turbulent region III 
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(large Reynolds numbers). In the laminar region the resistance 


law may be expressed in the form 


where B depends on the eccentricity e; B should also be expected 
to vary with the aspect ratio s/h since the length of transition re- 
quired to produce the laminar velocity distribution is included in s. 
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Fic. 6 ResisTANCE COEFFICIENT A FOR A NARROW ANNULUS (Con- 
CENTRIC SETTING e = 0) FrRoM STEAM AND ArR Tests. REAMED 
STEEL BusHINGS ON GROUND STEEL Stems Usep tn TEsts 


aa 
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0.06 are rests +4 steam TESTS 
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Fic. 7 Resistance CoEFFICIENT FOR A Narrow ANNULUS (Ec- 
CENTRIC SETTING e = h) From STEAM AND AtR TESTs. REAMED 
STEEL BusHINGS ON GROUND STEEL Stems Usep IN Tests 
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Fig. 8 Errecr or CLEARANCE h aND Aspect Ratio s/h ON TEE 
RESISTANCE COEFFICIENT \ IN THE TURBULENT REGION. REAME® 
STEEL BusHINGs on GrRouUND STEEL Stems Usep IN 
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The tests, however, are not accurate enough to show a sys- 
tematic variation with s/h. A certain degree of inaccuracy has 
possibly been introduced by slight amounts of oil present in the 
air supplied by shop compressors. The test points may be ap- 
proximated with the B values. 


= 15.0 and Bema = 9.6............ [25] 


In the turbulent region III constancy of \ with Re is fairly 
well indicated by the test points; \ in this region depends on the 
relative wall roughness of the channel. Since the wall roughness 
cannot be measured, we use as parameter the clearance h. Due 
to the included transition length, the aspect ratio s/h also af- 
fects the resistance. In Fig. 8 Am as an average of the test points 
has been plotted as a function of the radial clearance h and the 
aspect ratio s/h for the concentric as well as for the eccentric stem 
settings. 

While the critical Reynolds number as the upper limit of the 
laminar-flow region is not very distinctly determined by the tests 
available, it will for many practical purposes be sufficient to de- 
fine it with Equations [24] and [25] by setting, for the transition 
region IT, =o 0.015 and Anema & 0.013. 
cal Reynolds number is determined as 


Hence the criti- 


Reerit 


= 1000; Rees = 738............ 
FoRMULAS FOR CALCULATING THE LEAKAGE THROUGH A REAMED 
BUSHING ON A GROUND STEM 


In the laminar region the resistance coefficient is a function of 
the Reynolds number which itself depends on the amount of leak- 
age. In order to obtain an explicit formula for the leakage we 
therefore must eliminate Re. 

Laminar flow is generally attained only in case of very great 
resistances p or for very small relative pressure drops Ap/po. 
Therefore, it is accurate enough to work with the approximate 
Equations [22] and [23]. In case of great pressure drops we 
use Equation [22], which, remembering the definitions of a and 
o We write now in the form 


(G/F)? = (h/s)(1/d)g(Po/vo)(1 — [27] 


Eliminating \ and G/F between Equations [27], [24], and [13], 
and noting that accurately enough v = ~, we obtain the expres- 
sion for the Reynolds number 


Re = (1/B)(h3/s)(gRTo/v?)(1 — [28] 


If the value Re obtained from Equation [28] is greater than that 
given by Equation [26], the flow is turbulent. If Re from Equa- 
tion [38] is smaller than Recrit the flow is laminar and, according 
to Equation [12], the amount of leakage is obtained from the 
expression 


Giaminar = (rDv/vo)Re [29] 


where D is the stem diameter, ft. 
In the case of small relative pressure drops, Equation [28] 
simplifies to 


Re = (1/B)(h3/s)(2g Ap/v2y).... [30] 


If the flow is turbulent we take \ from Fig. 8, or from Fig. 6 or 
7, and calculate the passage resistance p = As/h. For great 
pressure drops we read @ corresponding to the pressure ratio 
uo = pPo/po and the resistance pfrom Fig. 4. For small relative 
pressure drops we use Equation [23] to calculate a. The leakage 
in pounds per second then is obtained from the definition equa- 
tion of a solved for G, or 


G = aF pov (g/pov) = [31] 
SUMMARY 


Introducing dimensionless variables, a differential equation for 
the pressure drop of an ideal gas flowing in a parallel channel is 
derived. This differential equation ‘is then integrated for the 
case of a flow through a channel of the length s, starting from rest, 
this being the most important case in technical applications of 
narrow-space flow. The result of the integration is given in Fig. 
4 showing in dimensionless form the relationship between mass 
flow, pressure drop, and frictional resistance. 

The frictional-resistance coefficient \ is, besides being a func- 
tion of the Reynolds number, dependent on the aspect ratio 
(let:gth of channel/clearance) as well as on the roughness of the 
channel wall; \ can easily be determined from leakage tests. 

Tests made on the leakage of air and steam through reamed 
steel bushings on ground steel stems are described and the re- 
sults are given in dimensionless plots. 

Finally, as an example of applying the theoretical relations, 
formulas for the calculation of the leakage through stem bushings 
are derived. 
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End Reactions and Stresses in Three- 
Dimensional Pipe Lines 


By G. B. KARELITZ! ano J. H. MARCHANT,? NEW YORK, N. Y. 


The authors present a method for the numerical compu- 
tation of the end forces and couples in a three-dimensional 
pipe line. The method takes care of a pipe line with any 
number of straight parts connected by bends. A proce- 
dure of computation is also shown when parts of the pipe 
line are skewed. The ends of the line may be partially or 
completely constrained against rotation and translation. 
A construction for the analysis of stresses in the pipe bends 
is given. The method is illustrated by a sample computa- 
tion of the end forces and couples in a steam main which 
is restrained against thermal expansion. 


ITH THE introduction of high steam temperatures and 

pressures in power plants, the determination of end reac- 

tions and stresses in pipe lines has become of pronounced 
interest recently. Thermal stresses are developed when the pipe 
is hot and its expansion is constrained at its ends, or assembly 
stresses are developed when the pipe is cold due to the “cold 
spring” which is deliberately introduced during construction. 
The essential part of the problem is to find the rigidity of the pipe 
line as expressed by its deformation under the action of forces 
and moments applied to its ends. Space limitations preclude the 
possibility of a detailed exposition of the method. For this 
reason, it is described schematically and illustrated by a com- 
pletely solved application. 


PLANE Pipe LINE 


Let a plane pipe line as shown in Fig. 1 be loaded with a force 
P at its free end G, the end A being fixed. Considering the pipe 


Fic. 1 


to consist of two sections AH and HG, section AH is loaded by 
the force P and a bending moment M, = P X y, applied at H, 
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Columbia University. 


while HG is loaded at G by the force P. Let the components of 
the local deflection of H under the action of force P and moment 
My be dzy and dy, and let the local rotation of the cross section 
H be gy. Considering section Hg as fixed at H, the components 
of the local deflection of G due to the action of foree P would be 
dzg and dyg, and the local rotation of the cross section G would 
be oq: 

The total rotation of the cross section G is the sum of the two 
local rotations, ¢ = ¢q7 + ¢g. The total deflections dz and dy 
of end G are the sums of the local deflections of H and G plus the 
additional deflections of G caused by the rotation of cross section 
H. Hence 


dz 
dy 


(dry + dxg) + oy X (ya) 
(dyy + dyg) — on X (2a) 


But section AH consists of two parts ab and bd. These parts 
can be considered individually: Part ab is loaded by force P and 
bending moment Py, and its local deformation results in local 
deflections dz, and dy, (in this case dx, = 0) and a rotation ¢,. 
Part b, is loaded by foree P and bending moment Py,, and its 
local deformation results in local deflections dr, and dy, and a 
rotation ¢,. Similarly to Equation [1] 


+ oa 
dzy = dx, + dry + X I’) \ 
dy = dy, + dy, x l’) J é 


Substituting Equation [2] into Equation [1] 


dx = dry + dry + + (dy XI") + + $4) X | 
dy = dy, + dyg + dyg — X l’) — + X Za] 


(3 
or, consulting Fig. 1 


dz = (dx, + dx, + dxg) + x Yo) + (og x Ya) .. [3a} 
dy = (dy, + dyg + dyg) — (by X 2) — (a X Fg) ! 


Continuing the process, the pipe line is divided into (k) simple 
straight sections and bends. Substituting their respective local 
deflections and rotations into Equations [8a], Equations [4) 
are obtained 


dz = dx, + bis 
dy = dy, — 


where dz,, dy;, ¢; are the local deflections and end rotations, re- 
spectively, of each individual section (ab, be, ed,...... ) under its 
respective loading, and z,, y; are the z and y distances from the 
ends (b, c, d....) of the respective sections to the free end G, 
taken with proper sign as defined by the corresponding coordi- 
nate axes. 

‘In a similar manner, the deformations caused by the force Q 
and by an end moment M, would be found. 
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ORTHOGONAL THREE-DIMENSIONAL Pipe LINE 

A three-dimensional pipe line consisting of any number (k) Of mee 

Due to Local Rotations ° © 
straight sections and bends can be considered in the same way. ° ° ° 
Let coordinate axes X, Y, Z be taken parallel to the straight sec- a ee ee = ‘ a 
tions. The free end of the pipe line is loaded by a force of com- Marneriors OF ey! 
ponents P, N,Q and by amoment of components U,V,Winthe [ | 
X, Y, Z directions, respectively. | 


Cos O=0.994 


Sin@*0.105 
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Any of these components, say P, will produce at the end of any 
individual section a local loading consisting, generally, of the 
force P and two moments. Either these moments are both 
bending moments, or one bending and one twisting moment. 


These local individual loadings are selected from the drawing of 
the pipe line and tabulated. The local deflections of the ends of 
the sections have three components, dz,, dy,, dz;; and likewise, the 
local rotations of the ends of the sections can be resolved into 
component rotations ;¢,,, ¢¢z2) :¢yz about axes parallel to X, Y, Z 
axes, respectively, as indicated. These local deflections and rota- 
tions are computed for each individual section of the pipe line as 
tabulated in Tables 1 to 6, inclusive. 

Equations similar to [4], but in three dimensions, for the total 
rotations and deflections are 


dx = dx, —* + uti 

dz = de, + idyll 


where z;, y;, Z; are the distances from the ends of the respective 
sections to the free end of the pipe line taken with proper sign as 
indicated in the plane problem (positive when the distance from 
the end of the section to the free end is in the direction of the 
corresponding axis.) In the illustrative computation tables the 
rotations Per are called, respectively, XY, YZ, ZX, while 
the opposite rotations are called, respectively, YX, ZY, XZ, in 
order to avoid the use of signs which are conducive to arithmetical 
errors. 


In this notation, Equations [5] become 


= X(XY) — (YX); = 2(¥Z) — 2(ZY) 
= 2(ZX) — 2(XZ) 
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= + + 2(XZ)z, | 
+ U(ZY)z,; — 2(¥Z)z; + Z(XY)z;— =(¥X)z; .. 
= + (XZ)z;, —2(ZX)z, + 2(¥Z)y, —=(ZY)y, | 


(7) 


LocaL DEFORMATIONS 


The local deflections and rotations may be computed by using 
formulas available at the present time for the various types of 
elements encountered in pipe lines. Formulas for straight sec- 
tions (cantilever beams in bending and torsion) and for quarter 
bends acted upon by forces and moments in the plane of the bend 
are given by Crocker and McCutchan.* Formulas for quarter 
bends under the action of forces and couples in planes normal to 
the plane of the bend are given by Hovgaard.‘ Coefficients for 
the deformation in circular bends of angles smaller than 90 deg. 
under different loadings, are collected by Cope and Wert.® 

Since pipes are usually bent to the smallest practicable radius 
(five to six pipe diameters), this radius is the same for all bends in 
the line. Consequently, the deformation coefficients are the 
same for all bends in the system. This facilitates the computa- 
tion work. 


Turee-DIMENSIONAL Pipe Lines WitH SKEWED PorrTIONS 


If parts of the pipe line are turned at an angle to the coordinate 
axes, the skewed portions are treated separately. As shown in 
the example of Fig. 2, the portion (fghij) having its cross section 
J fixed and j free, is considered with respect to an auxiliary system 


* ‘Elastic Properties of Straight Pipe and Bends,” by S. Crocker 
and A. McCutchan, “Piping Handbook’’ (Walker and Crocker), 
McGraw-Hill Book Company, New York, N. Y., 1930, pp. 517-571. 
‘Stress in Three-Dimensional Pipe Lines,’’ by William Hov- 
gaard, Trans. A.S.M.E., vol. 57, 1935, paper FSP-57-12, pp. 401-415. 
* Load-Deflection Relations for Large Plain Corrugated and 
Creased Pipe Bends,"’ by E. T. Cope and E. A. Wert, Trans. A.S.M.E., 
vol. 54, 1932, paper FSP-54-12, pp. 115-159. 
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of coordinates X’, Y’, Z’ as shown in Fig. 3. The components of 
the forces P, N, Q, and moments U, V, W along these auxiliary 
axes X’, Y’, Z’ and the deformations ¢,’,’, and dz’, 
dy’, dz’ of (fghij) under the action of these components are com- 
puted according to Equations [6] and [7], as shown in Tables | 
to 6 inclusive and Tables 7 to 10 inclusive. Tables 1, 2, 3, 4, 5, 
and 6 are for loads P, N, Q, U, V, W, respectively. These tables 
are self-explanatory. For instance, for section gh the end g is 
regarded as fixed, while the local loading of end h is caused by the 
several components of these forces and moments, as indicated by 
the following tabular values: 


Force P: Force = 0.105P 
Bending moment = M, = 0.994 X 135P 
Bending moment = M, = 0.105 X 60P 
Twisting moment = M; = 0.105 X 135P 


(The effect of the compressive force 0.994P is negligible and omitted.) 


Force = 0.994N 

Bending moment = M, 
Bending moment = M, 
Twisting moment = M, 


Force N: 
= 0.105 K 135N 
= 0.994 xX 60N 
= 0.994 xX 135N 


(Compressive force 0.105N is neglected.) 


Force Q: Force = Q Twisting moment = M, = 60Q 


Moment U: Twisting moment = M; = 0.994U 
Bending moment = M, = 0.105U 

Moment V: Twisting moment = M,; = 0.105V 
Bending moment = M, = 0.994V 

Moment W: Bending moment = M, = W 


After the loadings and their directions have been thus tabulated 
in their respective columns, the deformation formulas are set up 
and the local deflections and rotations are computed. The factor 
1/EI, common to all formulas for rotation and deflection, is 
omitted. The expressions computed in the plates are the de- 
formations multiplied by E/. In order to avoid arithmetical 
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errors, the deflections are marked up (u), down (d), forward (f), 
backward (6), right (r), left (). At the bottom of each table the 
algebraic sum of these local deflections is listed with appropriate 
sign. The local rotations are transferred into Table 7. For each 
end cross section the rotations are tabulated in their proper col- 
umn and summed up; the free-end rotations of Equation [6] are 
thus obtained. 

The corresponding distances z;, y;, 2; from each cross section 
to the free end 7 are given in Table 8, with their proper signs. 
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The rotational displacements are then computed and their sum- 
mations are obtained and are given in Table 9. 

These results are entered, with the proper signs (see Equations 
(7]), into Table 10 and summed up to give the end deflections 
dx’, dy’, dz’. 

These end rotations and deflections are now retransformed into 
the main system of axes: 


dx = dr’ cos 6 — dy’ sin 6; dy = dy’ cos @ + dx’ sin 6; | 
dz = dz’ | 
cy = Dus = COS Sin 8; 
diz = COS 0 + Sin 


Thus, the deflections dz, dy, dz of the end j of the skewed part 
(fghij), in the directions X, Y, Z, and the rotations ¢,,, dy. Pr: 
of this end about the axes, X, Y, Z are determined under the ac- 
tion of forces P, N, Q, and moments U, V, W. 

Should there be more than one skewed section orientated differ- 


ently with respect to axes X, Y, Z, tables, such as 1 to 6, inclu- 
sive, and 7 to 10, inclusive, are set up for each section. 


Enp REACTIONS AND MoMENTS 


The deflections and end rotations of the skewed parts of the 
pipe line are then entered in the main Tables 11 to 22 inclusive. 
This means that from now on the skewed part is treated as a sec- 
tion. The other orthogonal sections and bends are entered as 
shown in Tables 11 to 22. The assembled local end deflections 
and rotations are computed for the whole pipe line in Tables 
11 to 16, inclusive. The rotations are entered in Table 17 and 
the end rotations ¢,,, ¢,,, $2, are obtained by their summation. 
Table 18 contains the distances z;, y;, z;. The rotational dis- 
placements are given in Table 19, and the final displacements 
dx, dy, dz are computed in Table 20. 

The accuracy of the arithmetical operations and of the compu- “ 
tation in general can be checked by comparing the nine pairs of 
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coefficients, in accordance with Maxwell’s Reciprocal Theorem, 
as shown in Table 21. The deformation of the skewed part 
(fghtj) is also subject to these checks. (See Tables 7 to 10, inclu- 
sive.) 

Usually both ends of the pipe line are constrained, so that there 
is no end rotation; i.e., dy, = ¢, = ¢;, = 0. The linear end dis- 
placement of the pipe line is determined by the thermal expansion, 
by the known movement of the anchor points when the boiler and 
turbine are brought up to operating temperature, and by the 
amount of “cold spring” of the line. Thus dz, dy, and dz are 
known. In the illustrative example, it was given that dr = 
1.140 in., dy = 1.456 in., and dz = —1.848 in.; or EJdx = 19836 
X 10°, Eldy = 25334 X 108, and EJdz = —32155 X 108. These 
six equations resulting from the given end rotations and deflec- 
tions are assembled and solved in Table 22. 

The expressions for ¢,,, ¢::, ¢:, and dx, dy, dz describe the 
flexural rigidity of the pipe line. Should it be desired to investi- 
gate the effect of incomplete restraint of the end sections or different 
amounts of cold spring, the right-hand members of the equations 
in Table 22 would be modified accordingly, and the corresponding 
new values of the end reactions and moments determined. 


BENDING AND TWISTING MOMENTS IN THE LINE 


The bending and twisting moments along the pipe line must 
now be investigated in order to analyze the stresses in the pipe 
caused by the end reactions. The expressions for the moments at 
the junctions between the straight sections and the bends are 
available in Tables 1 to 6, inclusive, and 11 to 16, inclusive, 
under the columns of local loadings. They are entered into 
Table 23. In this table, under “Resultant Bending Moments,” 
the resultants of the two bending moments acting on each of these 
cross sections are tabulated. These values were determined 
graphically. The dangerous sections may be selected by the in- 
spection of the “resultant bending moments” and twisting mo- 
ments which are listed in Table 23. 

Since the variation of the bending moments and twisting mo- 
ments along the bends is rather complicated, a graphical represen- 
tation of their variation, based on expressions given by Hov- 
gaard,‘ is here suggested. It is applied to the bend ab of the illus- 
trative example. 

(a) Bending Moments M’ in the Plane of the Bend. Considering, 
as in Fig. 4, that the end a is fixed, the moment M’, and forces 
F, and Fy, act on cross section b. The values and directions of 
these moments are found in Table 23. Now, M’max = M, + 


(R X F), where F = V (F,)?2 + (F2)?— Fo. Force F is obtained 
graphically as length LT, as shown in Fig. 4; AL = F,;; AK = 
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F,. The point of application of M’'max is at S,, obtained by draw- 
ing OS, parallel to KL. If, due to negative values of F; or Fe, 
(positive if acting in directions indicated in Fig. 4), the direction 
KL is not within the quadrant (pog), then there is no maximum 
M’ within the bend. 

(b) Bending Moment M” in a Plane Normal to the Plane of the 
Bend. The values and directions of the bending moments M”, 
and M”, and the twisting moments M,, and M,,, acting on the 
end cross sections a and b of the bend shown in Fig. 5, are found 
in Table 23. The directions of the moments indicated in Fig. 5 
are positive, then 


= coy + M’,siny............. [9] 


where y is the central angle along the bend as shown. The con- 
struction of the curve @”, shown in Fig. 6, is facilitated by pre- 
paring the forms with ordinates erected where sin y and cos y 
are equal to '/4, '/2, 3/4, 7/3. The location of M’max is at S2, as 
read on the angular scale of Fig. 6. 

(c) Twisting Moment M,. The expression for the twisting mo- 
ment (looking from end a) given by Hovgaard‘ can be expressed 
as follows: 


M, = —[M", sin y — M”’,cos y + (M, — M”,)]....[10] 


The value in brackets is constructed in Fig. 6. If one of the 
moments M”, or M”, is negative, i.e., acts in a sense contrary to 
that shown in Fig. 5, the curve for M” will have no maximum, 
but a maximum will occur for M, within the bend. (This hap- 
pens in the case of bend hi.) 


STRESSES 
The evaluation of stresses in the material of the pipe line result- 
ing from the bending and twisting moments will not be touched 


upon here, due to space limitations. This question is discussed in 
the references.*:45 
CONCLUSION 

The authors trust that the suggested scheme of computation of 
end reactions and moments in three-dimensional pipe lines will 
be of assistance to those interested in this or similar questions. 

The references**5 given in this paper contain a comprehensive 
bibliography pertaining to the subject. These sources served as a 
basis for this computation and will close the many gaps left in 
the description of the procedure. 

The authors express their gratitude to Sanderson & Porter, 
Engineers, New York City, for permission to use the illustrative 
example given in this paper. 
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The Behavior of Rectangular Plates Under 
Concentrated Load 


By R. G. STURM! anno R. L. MOORE,? NEW KENSINGTON, PA. 


This paper presents a summary of the experimental and 
analytical research on flat plates under concentrated 
normal loads conducted at the Aluminum Research 
Laboratories. The experimental work includes tests on 
a number of different sizes of plates, ranging from '!/, in. 
to 1 in. thickness, loaded on spans of from 48 to 384 times 
the thickness. The effect of the degree of load concen- 
tration, types of edge support, and position of the load 
upon the stresses and deflections have been the principal 
variables studied. Cases of bending alone, and combined 
bending and direct stress have been considered. The 
analytical work refers to the existing general analysis of 
the flat-plate problem, from which formulas suitable for 
design purposes have been derived. 


HE INCREASING use of flat plates in the construction 
of floor panels in such structures as bridges, buildings, and 
decks has called attention to the need for more information 
on the behavior of rectangular plates under concentrated loads. 

The general theory of flexure for plates has been quite fully de- 
veloped and design formulas obtained for a number of special cases. 
Nadai® has given solutions for circular and rectangular plates 
under a number of different loading conditions. Westergaard* 

‘2 Aluminum Research Laboratories, Aluminum Company of 
America. 

’“Elastische Platten,’ by A. 
Germany, 1925. 

‘Computation of Stresses in Bridge Slabs Due to Wheel Loads,” 
by H. M. Westergaard, Public Roads, vol. 11, no. 1, March, 1930, 
pp. 1-23. Also, ‘‘Moments and Stresses in Slabs,’’ by H. M. Wester- 
gaard and W. A. Slater, Proceedings of the American Concrete 
Institute, 1921, pp. 415-538. 

Presented at the Fourth National Applied Mechanics Meeting of 
THE AMERICAN SocreTy OF MECHANICAL ENGINEERS, held at Pitts- 
burgh, Pa., June 11-13, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until August 10, 1937, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Nadai, Julius Springer, Berlin, 


has developed formulas for the stresses in slabs supporting con- 
centrated loads and has shown their use in the design of bridge 
floors. He refers to tests on concrete slabs previously reported. 
Bergstriisser® has calculated moments and deflections in rec- 
tangular plates under concentrated loads. Comparisons were 
made with tests on glass plates. Holl® has recently derived ex- 
pressions for loads distributed over small areas on rectangular 
plates under a wide variety of conditions of load and support. 
Nadai’ also gives the general differential equations for the deflec- 


‘tions of very thin plates in which the deflections are large. While 


solutions are given for circular plates of this type under certain 
loading conditions, no solution for the case of concentrated loads 
on rectangular or square plates is known to the authors. 

This paper presents some results of an investigation of the flat- 
plate problem conducted at the Aluminum Research Laboratories 
under the direction of R. L. Templin, chief engineer of tests. 
The general purpose of this investigation was to obtain simple 
rules for the design of rectangular plates under concentrated 
loads. 

The test program undertaken included an investigation of 
stresses and deflections in a number of different sizes of plates 
under varying degrees of load concentration, types of edgesupport, 
and positions of load. Cases of bending alone (deflections small 
compared to plate thickness) and combined bending and direct 
stress (large deflections) have been considered. Analytical work 
dealing with the general problem was carried on simultaneously 
with the tests and while particular reference has been made to the 
sizes of plate and loading conditions used, the results presented 
are general in application. 


5“Versuche mit freiaufliegenden rechteckigen Platten unter 
Einzelkraftbelastung,’’ by M. Bergstriisser, Forschungsarbeiten auf 
dem Gebiete des Ingenieurwesens, Verein deutscher Ingenieur, no. 302, 
1928. 

®*Analysis of Plate Examples by Different Methods and the 
Superposition Principle,” by D. L. Holl, Journal of Applied Mechanics, 
vol. 3, Trans. A.S.M.E., vol. 58, September, 1936, p. A-81. Also, 
‘Analysis of Thin Rectangular Plates Supported on Opposite Edges,” 
by D. L. Holl, Bulletin No. 129, Iowa Engineering Experiment 
Station, lowa State College, Ames, Iowa, December, 1936. 

7“Elastische Platten,’’ by A. Nddai, Julius Springer, Berlin, 
Germany, 1925, part 4, p. 284. 
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EXPERIMENTAL WORK 


Tests were made on the following sizes of rolled, strong alu- 
minum-alloy plates 


1 (1.062) X 55 X 103 in. 
1 (1.062) X 55 X 79 in. 
1 (1.062) X 55 X 55 in. 
1/2 (0.500) X 55 X 55 in. 
1/, (0.246) X 55 X 55 in. 
1/s (0.125) K 55 X 55 in. 


Table 1 gives a summary of the tensile properties obtained from 
the different thicknesses of material. 


TABLE 1 TENSILE PROPERTIES OF PLATES TESTED 
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Yield strength Ultimate Elongation 
Thickness, (set = 0.2%), strength, in 2 in., 
Alloy in, lb persqin. per sq in. % 
17S-T 1.062 38800 60700 15.0 
17S-T 0.500 38500 61600 20.0 
27S-T 0.246 46100 61700 12.3 
27S-T 0.125 46300 60600 10.5 


Fig. 1 illustrates the manner in which the plates were tested. 
The supporting frame was of steel, so made as to accommodate 
the different sizes of plate investigated under a variety of differ- 
ent edge conditions. Loads were applied by means of standard 
50-lb weights and the lever arrangement shown in the figure. 
The loads used in each case were governed by the stresses pro- 
duced, care being taken not to exceed the yield strength of the 
material. A single 10,000-lb load was used for all comparisons 
on the 1-in. plates where bending action only was involved, while 


8 Values in parentheses are measured thicknesses, used in all 
computations. 


smaller loads applied in increments were used for the thinner 
plates. 

The stresses and deflections were investigated for six different 
degrees of load concentration, the bearing on the plates ranging 
from 1 X 1 in. to a maximum of 23 X 23 in. Stresses were de- 
termined from measurements on 2-in. strain-gage rosettes, 
(four intersecting gage lines) located on both the top and bottom 
surfaces of the plates. A nominal modulus of elasticity of 
10,000,000 lb per sq in. and a Poisson’s ratio of '/; were used. 

Deflection readings were taken by means of a dial gage, gradu- 
ated in 0.001 in., relative to a floor grid independent of the frame 
supporting the plates. The rotations of the edges of the plates 
from which the degree of edge fixity was estimated were deter- 
mined by level-bar readings on bars projecting from the edges of 
the plate as shown in Fig. 1. 

While it has not been possible in this paper to present the com- 
plete results of all the tests, some 200 being made in all, Figs. 2, 3, 
and 4 are included to show typical examples of the kind of stress- 
distribution and deflection studies made. Figs. 5 to 11, inclusive, 
which have been prepared from the results of all tests, illustrate 
the most important characteristics of flat-plate behavior ob- 
served. 

Fig. 5 shows load-deflection curves for the four different thick- 
nesses of plate investigated. It is quite apparent that the thinner 
the plate the less its bending resistance and the more significant 
the direct-stress factor becomes. For example, the loads neces- 
sary to produce the first 0.1-in. deflection in the '/:-, !/4-, and '/,- 
in. plates, using a 2 X 2-in. bearing with the edges of the plate 
clamped, were about 700, 80, and 60 lb, respectively. The in- 
crements of load necessary to increase the deflections of these 
same plates from 0.4 in. to 0.5 in. were about 1200, 330, and 270 Ib 
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MEASURED STRESSES AND DEFLECTIONS IN 1 X 55 X 103-IN. 
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Fig.3 MEASURED STRESSES 
AND DEFLECTIONS IN !/4 X 
55 X 55-IN. PLATE 


Fic.4 MEASURED STRESSES 
AND DEFLECTIONS IN 1/3 X 
55 & 55-IN. PLATE 
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respectively, indicating a marked difference in the action of the 0.23 in., while that in the '/,in. plate was only 0.06 in.; hence, , 
plates. The '/:-in. plate was approximately nine times as stiff the direct-stress factor was introduced much earlier in the case i = 
as the '/,in. plate for the first increment of deflection, but only of the thinner plate. Fig. 5 also shows the effect of edge con- : 
four times as stiff for the second. Furthermore, it will be noted dition and size of bearing upon the deflections of the '/e and = | 

that the loads necessary to produce the same deflections in the '/s-in. plates. The deflections for the 12 X 12-in. bearings were | ~ 
1/,- and !/,in. plates differed by only about 25 percent. Thislat- from 10 to 20 per cent less than those obtained under a 2 * | = 
ter similarity may be explained by the fact that the load-deflec- 2-in. bearing while differences of from 15 to 30 per cent were ‘ 
tion curves were obtained from different starting points asfaras observed between cases of edges simply supported and clamped. ig 


the initial state of stress in the plates was concerned. The meas- The load-stress curves for the !/2-, 1/«-, and !/s-in. plates, shown i 
ured initial sag or dead-load deflection of the 1/;-in. plate was in Fig. 6, are of the same general shape as the corresponding load- : ; 
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TABLE 2 


SUMMARY OF LOADS, STRESSES AND DEFLECTIONS FOR DIFFERENT THICKNESSES OF 55” x 55" PLATE. 


48" x 48" clear span - 


2" x 2" bearing 


Ratio: Measured Stresses, Ratio: Bending Equivalent** Ratio: 
Plate Thickness, Load, Def.,* _ Def. 1b./sq.in. Direct Stress, Load, Bending Load 
in. lbe in. Thickness Bending+Direct Direct Bending+Direct 1b./sq.in. ld. Total Load 
ALL SIDES CLANPED 

1 (1.062) 10 000 3=—<0.157 0.15 18 300 - -- 18 300 9 850 0.98 
1/2 (0.500) 2000 0.2735 0.55 16 400 800 0.05 15 600 1 860 0.93 
4000 0.467 0.938 30 400 2 700 0.09 27 700 3 300 0.82 

6 000 0.608 1.22 42 300 5 300 0.12 37 000 4 400 0.73 

1/4 (0.246) 400 0.330 1.34 13 000 1 500 0.12 11 SOO 330 0.82 
800 0.480 1.95 21 500 2 700 0.13 18 800 540 0.69 

1200 0.580 2.36 27 700 4 000 0.14 23 700 680 0.5? 

1500 0.650 2.64 32 000 5 000 0.16 27 000 780 0.52 

1/8 (0.125) 200 0.460 3.68 13 500 2 000 0.15 11 500 86 0.43 
400 0.580 4.64 18 500 3 600 0.20 14 900 lll 0.28 

600 0.665 5.28 23 200 4 800 0.21 18 400 137 0.23 

800 0.740 5.92 27 900 6 000 0.22 21 900 163 0.20 

ALL SIDES SIMPLY SUPPORTED 

1 (1.062) 10 000) 0.214 0.20 19 800 ---- --- 19 800 9 300 0.93 
1/2 (0.500) 2000 0.426 0.85 19 000 800# 18 200 1 900 0.95 
1/4 (0.246) 400 0.425 1.75 11 500 1 000 0.09 10 S00 260 0.65 
800 0.600 2.44 19 400 2 000 0.10 17 400 438 0.55 

1200 0.720 2.92 26 000 3 500 0.13 22 S00 567 0.47 

1500 0.798 3.24 30 600 4 900 0.16 25 700 648 0.43 

1/8 (0.125) 200 0.580 4.84 11 800 2 800 0.24 9 000 59 0.29 
400 0.806 6.44 18 500 4 200 0.23 14 300 93 0.23 

600 0.916 7.02 25 300 5 300 0.23 18 000 17 0.20 

800 0.995 7.96 27 800 6 400 0.25 21 400 139 0.17 


* Deflections given are measured values plus allowances 
1" plate - O in. 
1/2" plate - 0 in. 


for initial sag as follows: 


1/4" plate - 0.06 in. with simply supported edge 
1/4" plate - 0.02 in. with clamped edges 


1/8" plate - 0.25 in. with both clamped and simply supported edges. 
* pe ra where M = bending moment in 1b - in. per lineal inch, based on measured stresses. 


K= 0.35 (See Fig. 7) for clamped edges 
K= 0.40 for simply supported edges 


# Assumed to be the same eas for edges clamped. 


deflection curves. The direct-stress curves included were esti- 
mated from the average measured stresses on the upper and lower 
faces of the plates. Figs. 3 and 4 show values of radial and tan- 
gential direct stress along the principal axes of the '/, and !/s-in. 
plates. 

The influence of the size of bearing upon the maximum bending 
stresses in the 1-in. and !/;-in. plates, where direct stresses could 
be neglected, is shown in Fig. 7. The values of K which have 
been plotted against ratios of short span of plate to size of bearing 
(a/c) were computed by dividing the maximum bending moments, 
indicated by the measured stresses, by the loads on the plates. 
As indicated by these data, the long span of the plates and the 
thickness had no marked influence upon the K values observed. 
In other words the maximum stresses in the 1 X 55 X 103-in. 
plate under a 2 X 2-in. bearing were essentially the same as 
produced in the 1 X 55 X 55-in. plate under the same loading 
conditions. Likewise, the ratio of load to bending moment for 
the 1-in. plate was about the same as found in the !/.-in. plate. 

Fig. 8 shows the relation found between the maximum com- 
bined stresses in the '/,-in. plate and the ratio of span to size 
of bearing. Bending-moment coefficients (K values) were not 
determined for this case or for the '/s-in. plate because of the 
influence of the direct stresses upon the behavior observed. 

Table 2 gives a summary of results from which an estimate of 


the proportion of the loads carried by bending and direct stresses 
in the different tests has been made. Because of the use to which 
these experimental data have been put analyzing the behavior 
of the thinner plates, a detailed explanation will be given. The 
deflections used in determining ratios of deflection to plate 
thickness are the values measured under load plus allowances 
for initial sag. The latter obviously have an important bearing 
upon the relation between bending and direct stress in the thinner 
plates as was indicated in connection with the load-deflection 
curves in Fig. 5. The bending stresses given in Table 2 were 
obtained by taking the differences between the combined bending 
and direct stresses and the direct stresses alone, all being meas- 
ured values. The relation between these net bending stresses 
and the load producing them was assumed to be the same as 
would exist if no direct-stress action were involved; hence, the 
load carried by bending was obtained by working backward from 
the experimental curves in Fig. 7. The last column in Table 2 
gives the ratios of loads producing bending to total load for the 
different tests. Fig. 9 shows the relation between these values 
and the ratios of deflection to plate thickness. For plates in 
which the deflection does not exceed one half the thickness of 
the plate, the curve indicates that over 95 per cent of the load 
may be assumed to be carried by bending. For deflections as 
much as eight times the thickness, as observed for the '/s-in. 
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TABLE 3 
EFFECT OF EDGE CONDITION UPON THE MAXIMUM MEASURED STRESSES AND DEFLECTIONS UNDER CENTER LOADS. 


(2" x 2" Bearing) 


Maximum Stresses* Maximum 
Plate Size-in. Load-lb. lb. per sq. in. Def.-in. Bdge Condi tion 
fa fp 
1” x 8S” x 103" 10 000 21 600 19 300 0.318 Long sides simply supported with bolts at corners-- 
short sides free. 
19 100 17 800 0.255 Long sides bolted--short sides free 
18 100 16 400 0.238 Long sides clamped--short sides free 
18 400 17 000 0.238 Long sides clamped--short sides simply supported 
19 800 17 900 0.308 All sides simply supsorted with bolts at corners 
19 700 17 400 0.251 All sides bolted 
17 800 16 500 0.225 All sides clamped 
1° x 55" x 79" 10 000 22 800 19 100 0,341 Long sides simply supported with bolts at corners-- 
short sides free 
19 400 15 600 0,239 Long sides clamped--short sides free 
21 500 19 000 0.296 All aides simply supported with bolts at corners 
19 200 17 WO 0.215 All sides clamped 
1” x 55” x 56" 10 000 22 500 22 900 0,632 Simply supported at 4 corners 
22 300 18 600 0.348 Two aides simply sup-orted with bolts at corners-- 
two sides free 
19 800 17 300 0.241 Two sides clamped--two sides free 
19 600 19 900 0.214 All sides simply supported with bolts at corners 
18 300 18 400 0181 All sides bolted. 
18 100 18 400 0.157 All sides clamped. 
1/2° x 56" x 65" 2 000 20 100 20 #00 1.105 Simply supported at 4 corners 
22 000 16 900 0.763 Two sides simply supported with bolts at corners-- 
two sides free 
18 900 19 200 0.426 All sides simply supported with bolts at corners 
15 600 15 900 0.294 All sides bolted 
16 400 16 400 0.273 All sides clamped 
1/4" x 55" x 55" 1 500 30 500 SO 700 0.738 All sides simply supported with bolts at corners. 
32 000 32 000 0.630 All sides clamped 
1/e” x 55" x 55" 800 28 000 27 700 0.765 All sides simply supported with bolts at corners and 
at mid-point of siies 
27 800 27 900 0.510 All sides clamped 


* £,= stress across short span of plate. 
fy = stress across long span of plate. 


plate, the part of the load carried by bending may be reduced 
to as little"as 15 per cent of the total. 

Fig. 10 shows the effect of the size of bearing upon the maxi- 
mum deflections of the plates. Values for the 1 X l-in. and 2 x 
2-in. bearings were practically the same in all cases, while the 
deflections for the 12 X 12-in. size were from 10 to 20 per cent 
lower. 

While the effect of the size of bearing upon the maximum 
stresses has already been indicated, Fig. 11 shows the stress 
distribution found on the center sections of the !/, * 55 & 55-in. 
plate. From these diagrams the localized nature of the stress 
concentrations under the bearings is quite apparent. Outside 
the immediate influence of the bearings the stresses under the 
2 X 2-in. size and the 12 X 12-in. size were essentially the 
same. 

Table 3 has been included to show the effect of type of edge 
support upon the maximum measured stresses and deflections. 
Table 4 gives similar comparisons for different positions of the 
loads on the plates. From these results it may be observed that 
the maximum stresses in most cases were practically independent 
of the type of edge support or position of the load within the 
middle half of the plate, while the deflections were quite sensitive 
to both these factors. 

In practically all tests involving simply supported edges, bolts 
were used at the corners of the plates to hold them down on the 
supporting frame. It should be pointed out that while these 
bolts had a local effect upon the stress distribution at the corners 


of the plate, the maximum stresses and deflections under center 
loads were only slightly affected. 


DESIGN FORMULAS 
Case I—CoNcENTRATED Loaps CARRIED BY BENDING ONLY 


The general differential equation for the relation between the 
load and the deflection of a flat plate subjected to normal loads 
which do not cause excessive deflections is well known. Navier’s 
solution of this differential equation by double Fourier’s series 
has been found practicable for a number of types of loading. 

Solution for Simply Supported Edges. Né&dai has shown that 
for loads concentrated over relatively small areas, the deflection 
of a rectangular plate simply supported on all four sides may be 
expressed by a series® which is independent of the area over which 
the load is applied. Making use of this fact, the deflection at the 
center of such a plate loaded at or near the center may be ex- 
pressed by the relation 


where Z = center deflection, in.; P = total load, lb; a = short 
span of plate, b being the other dimension; N = Et?/12(1— 4"); 
E = modulus of elasticity, lb per sq in.; t = thickness of plate, 


**‘Elastische Platten,” by A. NAdai, Julius Springer, Berlin, 
Germany, 1925, p. 119, Equation [27]. 
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TABLE 4 
EFFECT OF POSITION OF LOAD UPON THE MAXIMUM MEASURED STRESSES AND DEFLECTIONS 


(2" x 2" bearing) 


Load Maximum Stresses Maximum 
Plate Size-in. Load-lb. Point lb. per sq. in. Def.-in. Edge Condition 
fa Ty 
1° = 5S* x 1035” 10 000 E9 19 800 17 900 0.308 All sides simply supported with bolts at corners 
ES 19 500 18 300 0.264 
a} c9 19 300 17 500 0.206 
18 900 16 900 0.190 
o | sod | 
ae E9 17 800 16500 0.225 All sides clamped 
ai ES 17 800 16 700 0.190 
co 13 800 13 900 0.151 
b —# cs 14 100 15 000 0.133 
i° x S6° x 79° b 10 000 E? 21 500 19 000 0.296 All sides simply supported with bolts at corners 
E4 18 100 17700 0.227 
+ Cc? 21100 18 900 0.208 
c4 18 300 17 300 0.170 
ii 
5? 19 200 17 300 0.213 All sides clamped 
16 SOO) 83:16 0.154 
Cc? 16 900 16 000 0.140 
16 300 16 300 0.113 
1" x 55° x 55", db 10 000 E5 19 600 19 900 0.214 All sides simply supported with bolts at corners 
cs 19 20 19 700 0.151 
© E5 18 100 18 400 0.157 All sides clamped 
cs 16 600 17 300 0.110 
cs 15300 15 100 0.087 
ue" x 55" x 55° ” 2 000 ES 18 900 19 200 0.426 All sides simply supported with bolts at corners 
c5 15 500 15 800 0.279 
cs 15 900 15 900 0.223 
ES 16400 16 400 0.273 All sides clamped 
cs 14 500 14300 0.172 
c3 13 300 13 70 0.128 
1/4" x SS" x 55° 1 500 ES 30 500 30 700 0.738 All sides simply supported with bolts at corners 
1 500 ES 32 000 32 000 0.630 All sides clamped 
1 000 cs 25 100 24 400 0.395 
1 000 BS 24 SO 21 600 0.242 
1/e" x 55° x 55* 800 BS 27 800 27 900 0.510 All sides clamped 
cs 29 600 27 900 0.510 
BS 32 200 28 20 0.412 
cs 28 800 29 200 0.557 
B2 29 700 30 200 0.380 


in.; 4 = Poisson’s ratio; and where values of K, for different 
proportions of plate, are 


Ratio a/b 1/, 1/, 1 2 4 
K 0.0165 0.0163 0.0115 0.0041 0.00103 


The bending moments may be found from the derivatives of 
the series expression for deflection. When the resulting series 
is evaluated, it is found that the bending moment M at the center 
of the plate in a direction parallel to the side a may be expressed 
as 


where M = moment, lb-in. per linear in.; P = total load, lb.; 
and K is a factor which depends upon the ratio of the span of 
the plate to the size of bearing. Values of K for two different 
ratios of a/c (see Fig. 7) are 


Ratio a/b ay 1/, 1 2 
K for a/c = 24 0.374 0.373 0.346 0.332 
K fora/e = 4 0.219 0.217 0.199 0.184 


The maximum moment in the b direction may be obtained by 
using K values corresponding to the ratios of b/a. 


Solution for Fixed Edges. A direct series solution was not ob- 
tained for the boundary condition of fixed edges. The method 
of approach used in this study was to consider the plate, first as 
simply supported, then to add couples distributed along the 
edges so that the slope of the tangent normal to the edge was 
reduced to zero. In agdition to these two functions, a supple- 
mentary series was required to satisfy the general differential 
equation. The final deflection was found then as the algebraic 
sum of these component parts. Following this procedure, @ 
new set of K values for the center deflection given by Equation 
[1] was obtained 


Ratio a/b 1/4 1/, : 3 4 
K 0.0060 0.0068 0.0052 0.0017 0.0004 


The bending moments were again obtained by differentiating 
the functions for deflection. The constants for fixed edges to 
be used in Equation [2] were found to be 


Ratio a/b 1/4 
K for a/c = 24 0.281 0.308 
K fora/e = 4 0.126 0.152 
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Solution for Restrained Edges. Since in most practical cases 
the edges of a plate are neither simply supported nor completely 
fixed, it becomes necessary to take into account the actual 
fixity obtained. The degree of fixity obtained in the tests was 
estimated from the relation 


S 


where R = degree of fixity, per cent; S = slope at edge of 
restrained plate; and S, = slope at edge of simply supported 
plate. 

The slopes for simply supported plates may be obtained either 
by measurement or by differentiating the general equation for 
deflection while those for restrained edges must be measured 
directly. The deflections and moments may be found as the sum 
of the values obtained by considering R times the load acting on 
the plate with fixed edges and the remainder of the load acting 
on the plate with simply supported edges. Thus, the deflection 
of a rectangular plate with restrained edges may be expressed 
by the relation 


Z = (1— R) Z, + RZ,........... 
and the bending moment by the expression 
M = (1— M, + RM,.............. . [5] 


where subscripts s and f refer to cases of simply supported and 
fixed edges, respectively. 

In order to simplify as much as possible the use of the foregoing 
formulas for design purposes, Fig. 12 shows diagrams for all K 
values and the formulas to which they apply. As already in- 
dicated the cases of center loading are the only ones for which 
solutions are given. The deflections, which are not particularly 
sensitive to the size of bearing, have been given only for the 
case in which the loaded area is small, or not more than about 
5 per cent of the total area of the plate. The maximum bending 
moments and consequently the stresses have been determined 
for two ratios of span of plate to size of bearing (a/c = 4 and 
24). 


II—ConcENTRATED Loaps CARRIED BY COMBINED 


BENDING AND Direct STREsS 


CASE 


The general differential equations for the deflection of a 
rectangular flat plate in which the direct stresses are significant 
have been given by Nddai.'° These equations involve the 
deflections Z and a stress function F which introduces the effect 
of direct stress. From the general equations!! it may be shown 
that the expression for deflection must be of the form 


Pa? 


where Z, = Z) + Z;, the sum of the center deflection under load 
Zo and the initial sag Z; of the plate. The latter may either be 
measured directly or computed.'? For plates in which the total 
deflection is small in comparison to the thickness, Equation 
[6] reduces to 


10“Elastische Platten,” by A. Naddai, Julius Springer, Berlin, 
Germany, 1925, p. 287, Equations [10] and [12]. 

11 This equation is of the same general form as that derived by 
Nadai for uniform loads on a circular plate. See ‘‘Elastische Platten,” 
by A. Nadai, Julius Springer, Berlin, Germany, 1925, p. 297, Equa- 
tion [57]. 

12 “Applied Elasticity,” by S. Timoshenko and J. M. Lessells, 
Westinghouse Technical Night School Press, East Pittsburgh, Pa., 
1925, p. 289. 
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where ¢; is simply the reciprocal of the K values for bending 
given in Fig. 12 for Equation [1]. Knowing ¢,, it is possible to 
obtain values of ¢2 from any one of the tests. The following 
values of these constants for centrally loaded square plates have 
been determined 

87 and ¢: = 28 
192 and ¢@: = 36 


In solving for the constants the allowances for initial sag or 
dead-load deflection of the plates, given in Table 2 were used. 


For all sides simply supported...... 1 
For all sides clamped.............. oi 


| 
LJ | 
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c | a2 erred 
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Fic. 12 ComputTep BENDING-MOMENT AND DEFLECTION COEFFI- 


CIENTS FOR DesIGN ForRMULAS 


The direct stresses developed at the center of a centrally 
loaded square plate may be determined from the relation 


where o = direct stress under the load, lb per sq in.; and a 
= a constant evaluated from the tests as follows: 


For all sides simply supported..................... a = 1.60 
Por all sides a = 2.90 


In computing the stresses resulting from bending in plates 
where direct stresses are significant, the relation shown in Fig. 9 
should be used. It is first necessary to determine the maximum 
total deflection Z, of the plate using Equation [6], including 
an allowance for the initial sag. From the ratio of this deflection 
to the thickness of plate, the per cent of the total load carried 
by bending may then be obtained from the figure. This load 
may then be treated in exactly the same manner as in Case 
I where bending action alone was considered, and the bending 
stress calculated from Equation [2]. The maximum total 
stress is, of course, the sum of the bending and the direct stress. 


CORRELATION BETWEEN EXPERIMENTAL AND 
ANALYTICAL RESULTS 


Table 5 gives a comparison between measured and computed 
bending stresses and deflections for the 1-in. and '/:-in. plates. 
The agreement found in most cases constitutes a reasonable check 
upon the accuracy of the design formulas presented. The meas- 
ured deflections in seven of the ten cases considered differed 
from the computed values by less than 10 per cent, while in the 
worst case the difference was only 19 per cent. The measured 
deflections for simply supported edges were all slightly less than 
indicated by the theory, while for all sides clamped the reverse 
was true. 

Of the forty different stress determinations made, twenty- 
seven differed by less than 10 per cent from values computed 
by the foregoing design formulas, and all but one were within 
20 per cent of the values computed. The measured values under 
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TABLE 5 


COMPARISON OF MEASURED AND COMPUTED BENDING STRESSES AND DEFLECTIONS UNDER CENTER CONCENTRATED LOADS 


Stresses-lb. per sq. in.®* 


fa 


Katio Ratio Maximum Def.-in. Ratio 
Plate Size Load Bearing Measured Computed Measured Measured Computed Measured Measured Computed Measured 
(clear span) Computed Computed Computed 
ALL SIDES SIMPLY SUPPORTED 

1° x 46° x 96" 10000 2x2 19 800 19 800 1.00 17 900 17 600 1.02 0.308 0.334 0.92 
12 x 12 9 900 11 600 0.85 8 100 9 800 0.83 0.274 ---- - os 

i? x 46° = 72" 20000 828 21 500 19 400 1.11 19 000 17 700 1.07 0.296 0.311 0.95 
12 x 12 10 400 11 200 0.93 8 300 9 900 0.84 0.261 ---- — 

1" x 48" x 48" 10000 2x2 19 600 18 400 1.06 19 900 18 400 1.08 0.214 0.235 0.91 
12x 12 9 600 10 600 0.91 10 500 10 600 0.99 0.192 - <-- @ ve 

1/2" x 48" x 48" 2 000 2.x 2 18 900 16 600 1.14 19 200 16 600 1.16 0.426 0.453 0.94 
12 x12 10 000 9 500 1.05 10 100 9 SOO 1.06 0.383 ---- --- 

ALL SIDES CLAMPED 
1" x 48" x 96" 10000 2x2 17 800 17 600 1.01 16 500 16 SOO 1.00 0.225 Q.201 1.12 
(65% Fixity) 12 x i128 9 200 9 300 0.99 8 100 8 600 0.94 0.195 -_--- -- 
1" x 48" x 72" 10 000 2x2 19 200 17 800 1.08 17 300 17 300 1.00 0.213 0.189 1.15 
(65% Fixity) 12x12 9 100 9 600 0.95 6 600 9 600 0.69 0.179 --- --- 
1" x 48" x 48" 10 000 2x2 18 300 17 900 1.02 18 400 17 900 1.03 0.181 0.179 1.01 
(40% Fixity) 12x 12 8 800 10 200 0.86 9 700 10 200 0.95 0.163 ---- -- 
1" x 46" x 48" 10000 2x2 18 100 17 700 1.02 18 400 17 700 1.04 0.157 0.146 1.07 
(656 Fixity) 12 x 12 8 400 10 000 0.84 9 100 10 000 0.91 0.138 -_— -_— 
1/2" x 48" x 48" 2 000 2x82 15 600 15 900 0.98 15 900 15 900 1.00 0.294 0.280 1.05 
(76% Fixity) 12 x 12 ? 600 8 900 0.86 7 200 8 900 0.81 0.252 --—- --- 
1/2" x 48" x 48" 2000 2x2 16 400 15 800 1.04 16 400 15 800 1.04 0.273 0.229 1.19 
(90% Fixity) 12x12 7 200 8 800 0.82 6 800 8 800 0.77 0.230 = o-- -- 
* f, = stress across short span of plate. 
fp = stress across long span of plate. 
TABLE 6 
COMPARISON OF MEASURED AND COMPUTED STRESSES AND DEFLECTIONS FOR CENTER LOADS ON A 2" x 2" BEARING. 
(Combined bending and direct stress) 
Deflection under Load Computed Computed Maximum 
Initial Sag, Load, Total Deflection, Ratio: Carried by Bending Direct Combined Stress, 
Load, ine ted Def. Beniing, Stress, Stress, 1b./sq.in 


lb. Measured Computed 


in. in. 
Measured Computed Measured Computed Thiclmess 


lb. lb./sq.in. lv./sq.in. 


Computed Measured 


200 0.25 0.15 
400 «0.23 0.15 
800 (0.25 0.15 
200 0.235 0.05 
400 «60.23 0.05 
800 «(0.25 0.06 
400 0206 0.04 
800 0.06 0.04 
1500 «60.06 0.04 
400 460.08 0.01 
800 0,02 0201 
1500 0,02 0.01 
4 000 - 


0.355 
0.58 
0.76 


0.23 
0.55 
0.51 


0.36 
0.54 
0.74 


0.51 
0.46 
063 


0.27 
0.46 
0.61 


0.40 
0.54 
0.72 


0.39 
0.55 
0.70 


0.39 
0.54 
0.71 


0.28 
0.45 
0.60 


0.22 
0.59 
0.54 


6° x 55° x 55” te - Sides 5: Supported 
0.58 0.55 4.40 4 8 500 1 200 9 700 
0.81 0.69 5.50 96 12 800 3 200 16 000 
0.99 0.87 6.95 lm 19 200 5 100 24 30 
1/8" x 55" x 55” plate - Sides Clam 
0.46 0.44 3.52 82 10 300 2 400 12 700 
0.58 0.58 4.64 116 14 600 4 200 18 800 
0.74 0.75 6.00 176 22 200 7 000 29 200 
1/4" x 55° x 55” plate - All Stdes 3 rted 
0.42 0.43 1.75 272 9 300 1 30 10 600 
0.60 0.58 2.36 450 15 400 2 300 17 700 
0.80 0.75 3.05 705 24 100 3 900 28 000 
4" x 56° x 55" te = Sides Clamned 
0.33 0.29 1.18 324 10 500 1 100 11 600 
0.48 0.44 1.79 546 17 700 2 400 20 100 
0.65 0.61 2.48 825 26 800 4 700 31 500 
2° x 55" x 55" plate - Sides Cl a 
0.27 0.22 0.44 1 920 15 100 
0.47 0.39 0.78 3 560 28 000 
0.61 0.5 1.10 4 920 38 800 


) 
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18 800 
27 700 
é 
18 800 
27 700 
11 600 
19 500 
500 
13 000 
21 500 4 
32 000 
a 
30 500 
42 200 
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the 2 X 2-in. bearings averaged only 4 per cent higher than 
computed, while under the 12 X 12-in. size the measured values 
were about 11 per cent lower. The latter difference may have 
been due, at least in part, to the lack of uniformity in bearing 
over such a large area of plate, the intensity of pressure around 
the edges of the block probably being greater than at the center 
where the stresses were measured. 

Table 6 gives a comparison between the measured and com- 
puted stresses and deflections for the '/:-, '/s-, and '/s-in. square 
plates where both combined bending and direct stresses were 
encountered. While it is appreciated that the empirical constants 
used in the formulas for deflection and direct stress were derived 
from some of the same tests for which the comparisons are shown, 
nevertheless it is believed that the results are significant in that 
they indicate to what extent the behavior of the plates may be 
predicted by the methods of computation described. 

In most cases it will not be possible to determine by actual 
measurement the initial sag in a plate as was done in these tests, 
yet as already indicated this factor may have an important bear- 
ing upon the action of the plate. In Table 6 the initial sag has 
been computed as the dead-load deflection of the plate.'? It 
will be noted that for the '/s-in. plate, particularly, these com- 
puted dead-load deflections are considerably less than the 
measured initial sags. It is an interesting result, however, that 
the corresponding computed deflections under load exceed the 
measured values so that the ratios of total deflection to plate 
thickness, on which the stresses depend, are approximately equal 
in both cases. Having computed these deflections, the direct 
stresses were obtained using Equation [8] and the bending stresses 


A-85 


were computed for the part of the total load carried in that 
manner, as determined from Fig. 9. The measured and computed 
combined stresses given in Table 6 for a 2 X 2-in. bearing are in 
most cases in fair agreement, the difference in eleven of the fifteen 
cases investigated being less than 10 per cent. 


CONCLUSIONS 


From the results of this study, several general conclusions may 
be drawn regarding the design of rectangular flat plates subjected 
to concentrated loads: 

1 The maximum stresses under concentrated loads are 
dependent mainly upon the ratio of the short span of plate to 
the size of bearing and not upon either the type of edge support 
or the position of the load within the middle half of the plate. 
The maximum deflections, on the other hand, are not so much 
affected by the size of bearing as by the size and proportions of 
plate. In most cases the behavior under center loads will be 
most significant. 

2 For plates in which the maximum deflection does not ex- 
ceed about one half of the thickness, the loads may be. assumed 
to be carried by bending alone and the design formulas given for 
stress and deflection applied directly. 

3 For deflections exceeding about one half the plate thickness, 
however, the direct stresses become significant and it is necessary 
to estimate the proportion of the load carried by these stresses. 

The load carried by bending in square ‘plates may range from 
100 per cent of the total, for small deflections (less than one half 
the plate thickness) to only 15 per cent of the total for deflections 
as much as eight times the plate thickness. 
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Review of Recent Research in 


Thermodynamics 


By ADOLF EGLI,! PHILADELPHIA, PA. 


HE FOLLOWING notes on research in thermodynamics 
tae the past two years are not claimed to be complete by 

the author; the bibliography has been limited to the most 
important references to the subject. 


GENERAL 


Two excellent textbooks on classical and technical thermo- 
dynamics have been published by Bosnjakovie (1)? and E. 
Schmidt (2) both in the German language. For the students of 
Gibbs’ collected works it has been good news to learn of the pub- 
lication of a commentary (3) which greatly facilitates the reading 
of the great American’s writings. Bordering the fields of physics 
is a book by Bridgman (4) on the thermodynamics of some elec- 
trical phenomena in metals. A small book by McKie (5) repre- 
sents an interesting historical study on the discovery of specific 
and latent heats. Two reports by E. Schmidt (6) summarizing 
the speeches presented at the eleventh and twelfth meeting of the 
“‘Ausschuss fur Warmeforschung”’ give a general picture of the 
progress of thermodynamic research in Germany. 


Heat TRANSFER 


The book by M. ten Bosch (7) has appeared in its third edition. 
Most outstanding in the work on pipe flow are the tests by Ingvar 
Jung (8) with gases at velocities in the order of that of sound. 
Winkler (9) has extended heat-transfer measurements with water 
in pipes up to a Reynolds number of 500,000, establishing the 
validity of Prandtl’s and Kraussold’s equations. Kuprianoff 
(10) has generalized Prandtl’s equation for heat transfer in tur- 
bulent flow. Heat transfer from the outside of cylinders to flow- 
ing fluids has been treated by Hermann (11), Linke (12), and 
Perrone (13, 14). Convective heat transfer on quadratic plates 
is the subject of a paper by Weise (15). Kirschbaum (16), 
Ackermann (17), Jakob and Erk (18, 19, 20) have investigated the 
heat transfer to condensing or evaporating fluids. A graphical 
method for determining the wall temperatures has been given by 
Lutz (21). Hoffmann (22) has investigated the use of measuring 
diffusion to approximately solve heat-transfer problems. 


Heat RapDIaTION 


A remarkable new theoretical attack of solving radiation heat- 
transfer problems of complicated systems has been devised by 
Heinze and Wagener (23). Experiments on the heat reflection 
by technical surfaces have been conducted by Eckert (24). The 
same author also has suggested an optical method for determining 
the angle ratios (25). Schmidt and Eckert (26) have shown that 
the directive distribution of the heat radiation of surfaces con- 
siderably deviates from Lambert’s cosine law and that Beer’s law 
does not hold for the water-vapor-nitrogen mixture (27). Hottel 
and Smith (28) have described a new method of directly measur- 
ing the emission of radiation from nonluminous flames and thus ex- 
tending the range of validity of the Hottel and Mangelsdorf (29) 
radiation charts for carbon dioxide and water vapor. These two 
papers contain an extensive bibliography on flame radiation. 


1 Research Engineer, Westinghouse Electric & Manufacturing 
Company. 

2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 


Trinks and Keller (30) have conducted tests on the radiation 
emitted from the luminous flames of burning natural gas. 

A great deal of work, especially in the United States, has been 
done on heat transfer in industrial furnaces. Mullikin (31) has 
shown how an equivalent effective radiant heating surface can 
be calculated for actual furnaces. A report (32) has been issued 
by the “A.S.M.E. Committee on Absorption of Radiant Heat in 
Boiler Furnaces” giving test data on ten U.S. A. boilers. This 
report also contains an extensive bibliography on industrial heat 
transfer and radiation. Based on the data made available by the 
committee’s report, Wohlenberg and Mullikin have made a criti- 
cal comparison (33) of the various methods of calculating boiler- 
furnace heat transfer. A new fused-quartz-window absorption 
calorimeter for boiler testing has been developed by Croft and 
Schmarje (34) and used to measure radiation intensities. Eber- 
hardt and Hottel (35) have tested steel reheating furnaces and 
worked out semiempirical equations suitable for design use. 
Stroehlen (36) has compared the tested furnace-end temperature 
with calculations made according to Wohlenberg, Stefan-Boltz- 


~ mann, and Miinzinger, with the Wohlenberg method giving par- 


ticularly good agreement. Steele (37) has attempted to separate 
convectional from radiation heat loss of a body in still air by 
varying the body surface temperature. 


COMBUSTION 


Using spectroscopic data Kiihl (38) has calculated the effect of 
the dissociation of the combustion gases on the thermal efficiency 
of carburetor engines. Ignition and flame formation in the 
Diesel cylinder have been investigated by Holfelder (39). Went- 
zel (40) has calculated the time necessary to heat and evaporate 
the injected-fuel droplets in the Diesel engine. Lloyd-Evans and 
Watts (41) have measured the flame temperatures in petrol engines 
with an optical method developed by Griffiths and Awberry. 
Breves (42) and Miiller (43, 44) have investigated the velocity of 
combustion of various fuels in the Diesel engine. Spectroscopic 
investigations of the combustion in the solid-injection Diesel 
engine have been carried out by Beck and Erichsen (45) and 
Neumann (46). 

A critical summary of the various methods used in determining 
gas temperatures in internal-combustion engines has been pub- 
lished by Hershey (47). Zinner (48) has shown a new graphical 
representation of the process of combustion in the internal-com- 
bustion engine. Optical observation of flame movement and 
pressure development in a bomb with fuel injection have been 
earried out by Cohn and Spencer (49), Marvin, Wharton, and 
Roeder (50). 


PuysicaL Properties OF WorRKING MEDIA 


The new steam tables by Keenan and Keyes (51) incorporate 
all research data on water and its vapor collected in the United 
States and abroad up to the date of their publication in the fall of 
1936. They contain an extensive bibliography of the field of 
research in the thermodynamic properties of water and steam. 

A controversy has developed on the viscosity of water vapor. 
The earlier investigators, Speyerer and Schiller, although covering 
only a pressure range of atmosphere to 400 lb per sq in., have 
found a considerable effect of the pressure on the vapor viscosity 
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(52). The later tests conducted at Purdue University by Haw- 
kins, Solberg, and Potter (53), covering pressures up to 3200 lb 
per sq in. and temperatures up to 1000 F apparently are in line 
with Speyerer and Schiller, showing a great variation of steam 
viscosity with pressure. The results of tests conducted by Sig- 
wart (54, 55) in Danzig over a similar range of pressures and tem- 
peratures, however, fail to confirm the Purdue tests, inasmuch as 
almost no pressure effect has been found. Thus, at 1200 lb per 
sq in. the viscosity measured at Purdue is about twice that of the 
Danzig measurement. 

Justi and Liider have published new tables on thermal data of 
gases and vapors derived from spectroscopic measurements (56). 
Similar data have been given in a book by Doezekal and Pitsch 
(57). F. A. F. Sehmidt (58) has compared absolute entropy 
values of gases calculated from caloric data and from spectro- 
scopic data and shows their application in technical calculations. 

R. Plank (59) has made an attempt to construct a new equa- 
tion of state describing also the critical region. 

New data on thermal conductivity have been presented by 
Smith of liquids (60), by Krischer of grainy substances (61), and 
by Ulsamer of gases (62). 


ProsBLeMsS 


Oestrich (63) has calculated and demonstrated experimentally 
the rise of temperature of a gas when throttled into a closed vessel 
of lower pressure. Throttling into absolute vacuum results in 
At = (k —1) T;. Stuart and Yarnall (64) have investigated the 
flow through two orifices in series and studied in particular the 
expansion of saturated liquid water through an orifice. A very 
interesting study on the flow of saturated liquid water through 
orifices and pipes has been published by Bottomley (65). Fréssel 
(66) measured the pressure drop of air flowing through a pipe 
with velocities lower and higher than that of sound. Egli (67) 
has reported on the expansion of gases through labyrinths. 
Studies on the phenomenon of undercooling of expanding steam 
in nozzles have been made by Rettaliata (68), Yellott and Holland 
(69). 


SysTEMS OF SEVERAL MEDIA 


Hausen (70, 71) has developed new analytical methods of com- 
puting the rectification of gas mixtures. Kirschbaum (72) has 
devised a new analytical method for the same problem based on 
his earlier graphical procedure. Ackermann (73) has given a 
summary of the status of the art of calculating the diffusion of 
vapors into air. Kollmann (74) has tried the application of the 
theory on the processes of lumber drying. With the use of Mol- 
lier’s i-x diagram, Kirschbaum (75) has explained the deviation 
of experimental findings from Lewis’ law. Fischer (76) has de- 
veloped the thermodynamics of the mixture of ammonia and 
water. A textbook on the thermodynamics of humid gases has 
been published by van Lerbeghe and Glansdorff (77). 

Pfriem (78, 79) and Bangerter (80) have analyzed methods of 
measuring fluctuating temperatures. 
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It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from the paper previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Data Sheets for Design of Piping 


By HERMAN E. MAYROSE,'! DETROIT MICH. 


ROBLEMS in design of piping involving flexibility are so 
| & cameron that probably the most important part of these 

design sheets will be the bibliography. There the designer 
will find the sources of the material included in these sheets, not 
in the condensed form which is necessary here but in detail and 
illustrated fully by excellent examples solved by practical engi- 
neers who use this theory in their everyday practice. 

The assumptions necessary in the use of the formulas which 
follow are the usual assumptions made in the application of theo- 
retical strength of materials to practical problems: The ma- 
terial follows Hooke’s law; the cross section of the tubes is uni- 
form and circular; local stresses due to fabrication have been re- 
lieved; anchors provide perfect rigidity for fixed ends of eanti- 
levers and quarter bends; dead weight of the members is neg- 
lected; and members which have been built commercially have 
the same flexibility as ideal members of the same kind. 


NOMENCLATURE 


In the following nomenclature the author has attempted to 
follow that generally used by writers on this subject in the Trans- 
actions of the A.S.M.E., from which most of the material for 
this paper was taken: 


X,Y, Z = rectangular axes through the free end of the 
quarter bend, X tangent to the center line 
of the bend, Y radial, and Z normal to the 
plane of the bend as shown in Fig. 1. 

X’, Y’, Z’ = rectangular axes through any point P on the 
center line of the bend, X’ tangential, Y’ 
radial, and Z’ normal to the plane of the 
bend 

@ = angle between the radial line through the fixed 
end of the quarter bend and the radial line 
through the point P as shown in Fig. 1. 
F., Fy, F, = forces acting along their respective axes 
through the free end of the quarter bend 
M,, M,, M, = moments applied to the free end of the bend 
and are considered positive when counter- 
clockwise about their respective coordinate 
axes 
M,, M,, My = moments at P caused by the application of 
the aforementioned forces and moments to 
the free end of the quarter bend 
U = potential energy stored in the quarter bend by 
the application of the aforementioned forces 
eae and moments to the free end of the bend 


‘ Professor of Engineering Mechanics, University of Detroit. 
Mem. A.S.M.E. 


IT = moment of inertia of the tube section with re- 
spect to a diameter 

J = polar moment of inertia of the tube section; 
if the section is circular, J = 2/ 

E = modulus of elasticity of the material. For 


ferrous metals E is considered to vary with 
the temperature according to the equation 
E, = Ey}1 — [(t — 32)/1700]?}, in which 
E, = modulus of elasticity at ¢ deg F, and 


Ey = modulus of elasticity at 32 F (1)? 

G = modulus of elasticity in shear. If Poisson’s 
ratio is taken as 0.3, then G = E/2.6, or E 
= 264 

K = rigidity multiplication factor (2) 


K = {1 + 12h?]/[10 + 12h?], in which h = tR/r?; 
t = thickness of tube wall, in.; R = mean 
radius of the bend, in., as shown in Fig. 1; 
and r = mean radius of the pipe wall, in. 

= stress multiplication factor (2, 3) 

(2/3K) /[(6h? + 5)/18] when h < 1.472 

= [6h? — 1]/[K(6h? + 5)] when 5 1.472, and 
in which h = tR/r*?. The factor B is applied 
to the stress formula S = Mc/I in the case 
of bent sections so that S = MBc/I in order 
to correct for flattening of the cross section 
due to the action of the loads which may be 
applied to the quarter bend. It must be 
understood that this flattening is not the 
result of fabrication. The cross section is 
assumed to be circular after fabrication 

a = coefficient of thermal expansion and is as- 
sumed to vary with temperature according 
to the formula of Holburn and Day: 

Lof{1 + al(t + 32)/1000] + — 32)/ 
1000]?} in which L, = length at tempera- 
ture of t deg F, Io = length at temperature 
of 32 F, and a and b are constants given in 
the following table (4) (revised for Fahren- 


L, 


heit): 
Copper Mild steel Wrought iron 
a 0.009278 0.006212 0.006375 
b 0.001244 0.001623 0.001636 


S = unit fiber stress in outer fiber of a section 
c = distance from neutral axis to outer fiber 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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GENERAL SOLUTION (5) 


Referring to Fig. 1, the moments M,’, M,’, and M,’, at P are 
obtained by equations of elementary statics, as follows 


M, = M, sin ¢@ + M, cos ¢ — F,R(1 — sin @)........ {1] 
M, = —M, cos @ + M, sin ¢ — F,R cos ¢......... (2) 
M, = M, + F,R cos ¢ — F,R(1 — sin ¢)........... [3] 


The potential energy stored in the quarter bend by these mo- 
ments is given by the equation 


x2 
Rd@ 


From the theorem of Castigliano, the partial derivative of po- 
tential energy U with respect to any external force gives the dis- 
placement corresponding to that force at the point of application 
and in the direction of the force; the partial derivative of poten- 
tial energy with respect to any external moment gives the rota- 
tion corresponding to that moment. Thus, by obtaining the ex- 
pression for this partial derivative of U with respect to F, we 
obtain thereby an expression for the deflection in the direction of 
F, at its point of application. A summary of the simplified re- 


sults of differentiating with respect to F,, F,, F,, M,, M,, and M, 
in turn appears in Table 1. 

It will be convenient for the designer if, in addition to these six 
cases concerning the quarter bend, four cases concerning a simple 
cantilever beam be added to and given in Table 1. These four 
cases are given as the first four cases in Table 1 in order to be con- 
sistent with other sources of data of this kind (6). 

The formulas of Table 1 are based on calculations for a quarter 
bend. If other parts of a circular bend are desired it is only 
necessary to change the limits in the integration for the deter- 
mination of potential energy and then perform the proper mathe- 
matical operations. 

Referring to Table 1, in cases V and VI, formulas (a) are for 
deflection in the direction of the force and formulas (b) are for 
deflection normal to the deflection of the force. In case VII, 
formula (c) is for deflection along the moment arm and formula 
(d) is for deflection in a direction perpendicular to the moment 
arm. 

In cases VIII, IX, and X, formulas (e) are for rotation in a 
plane tangent to the free end of the bend and formulas (f) are 
for rotation in a plane perpendicular to the"free end of the bend. 
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TABLE 1 SUMMARY OF FORMULAS FOR CALCULATING LOADS. 
ROTATION, AND DEFLECTIONS IN QUARTER BENDS OF PIPES 


Case Diagran Load Rotation Deflection 


jStraight cantilever At free end: 
with fixed end 
rotated through a 


small angle 6 


af, if 
length =f. 


P 2 3 
P1“/2EI 
2 
rit. M1/EI */251 
1.30 M,1/EI if 
Iv. t—f. My 
E = and 
(a) 


(>) 0.50 PR°/KEI 


PR?/KEI 


(a) 0.356 PRS/KEI 


57 08FR2/KEI 
0. 
VI. x (b) 0.50 
* (e) 
M_R/2KEI 
® |(r) 1.150 yr?/er 


(e) 1.806 MR/EI 
(f) 0.150 MR/EI 


1.150 


Extensive design work involving flexibility of piping can be 
expedited by use of graphs and tables (7, 8). 


(e) 0.150 MR/EI 
0.5064 
(f) 1,806 MR/EI 


EXAMPLE 


Consider a quarter bend with tangents with a transverse force 
F,, acting at the free end in the plane of the bend as shown in Fig. 
2A. Thecomponent parts of the bend are shown in Figs. 2B, 2¢, 
and 2D. The deflection at the free end of each component part 
is the algebraic sum of all the deflections which may be due to al! 
or part of: 1, Rotation caused by deflection of preceding compo- 
nent parts; 2, force acting at the free end of the component part; 
3, moment acting at free end of the component part. 

To find the deflection of d we may proceed as follows, using the 
ten elementary cases in Table 1 or those of the ten cases which 
apply to this problem: 

1 Use length ab as a free body, as shown in Fig. 2B, and case 
III. Then for the point b 


EIA, = + p)/2....to the right... [4 
The rotation of the end of ab is given by case IIT 


2 Use quarter bend be as a free body, as shown in Fig. 2¢ 
Also, use cases I and V(b), and VII (d) for horizontal deflection: 


and cases I, V(a), and VIII (a) for vertical deflections. Then 
For the point c 

EIA, = mF,(R + p)R......... to the right . {6 

EIA, = 0.50 F,R*/K.......... to the right....... {7 
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EIA, = 0.1815% F,pR*/K......to the right........ [8] 
EIA, = mF,(R + p)R.............. down........[9] 
down.......[10] 
EIA, = 0.31854 + p)R*/K..... down.......{11] 


3 Use length cd as a free body, as shown in Fig. 2D, and cases 


Y 
P x 
ad 
s 

Me c «4 

(D) 


length ab=m 
length bc =s 
Length cd = p 


Me 
Mp = Fy (p*R) 


Fie. 2 


II, V, and VII to find the deflection of d due to movement of this 
part of the structure only. Then 
For the point d 


Ei A, = (rotation of c) multiplied by 
EI = [F,R°(2 + x) + . [12] 


4 To find the total horizontal deflection of d we have only to 
add algebraically the results given in Equations [4], [6], [7], and 
[8] with the result 


EIA, = ((R + p)(m* + 2mR) + + 0.363xp)/K |F,/2. . (14) 


To find the total vertical deflection of d we have only to add 
algebraically the results given in Equations [9], [10], [11], [12]. 
and [13], with the result 


EI \, = F,R{p?/3R + (R + p)(m + 0.3185¢R/K) + 
(Rp[4 + 2x] + 2p? + mR*)/4K}..... [15] 


In a similar manner by the use of case II for p, cases V and VII 
for s, and case III for m, we find the expression for rotation to be 


EI dg = [p?/2 + R?/K + xp/2K + m(p + R))F,... . [16] 


In a more general case we will have at the end d not only the 


vertical force F,, but also a horizontal force F, and a bending mo- 
ment M,. Proceeding as explained previously, formulas similar 
to Equations [14], [15], and [16] for 4,, A,, and Ag can be ob- 
tained in this more general case. 

The hypothetical deflection of the point d due to temperature 
change ¢ is given by 


4 


+- 
& 


z 


[18] 


where a = the coefficient of thermal expansion and must be cor- 
rected for temperature change according to the formula given in 
the nomenclature. 

If both ends cf the bend are fixed at a and d, the deflections 
given in Equations [17] and [18] cannot take place and forces 
and moments are applied at the ends according to Equations [14], 
[15], and [16]. In the more general case, when equations similar 
to Equations [14], [15], and [16] have been obtained, it is neces- 
sary only to use them in connection with Equations [17] and [18], 
and to equate to zero the final expressions for A,, A,, and Ag, 
to find the values of the forces F,, F, and the bending moment M,. 

For a complete analysis of the more frequent cases the reader 
is referred to piping-design manuals (7, 8) where numerical ex- 
amples will be found for all cases, completely solved. Additional 
references are included in the bibilography (9, 10, 11, 12, 13, 14, 
15). 
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Elementary Analytical Conics 


ELeMENTARY ANALYTICAL Contcs. By J. H. Shackleton Bailey, 
D.D., Oxford University Press, New York, 1936. Cloth, 43/4 x 
in., 378 pp., 101 figs., $2.75. 


REVIEWED BY J. ORMONDROYD! 


HE introduction to this book describes the cone and the 

curves which can be produced by the intersections of various 
planes with the complete double cone. These are the point, 
straight line, circle, parabola, ellipse, and hyperbola. The funda- 
mental geometrical properties of these plane curves are developed 
in separate chapters. Chapters on the transformation of coordi- 
nates by parallel displacements and rotation of the reference axes 
and on oblique coordinates are also included. 

The material usually included in elementary courses in plane 
analytical geometry is covered most amply by this volume. The 
proofs of the theorems enunciated are simple, direct, and short. 
Engineers will find it a compact reference on the type of curves 
frequently met in the graphical treatment of technical problems. 


The Mechanics of Turbulent Flow 


THe MEcHANICS OF TURBULENT FLow. By Boris A. Bakhmeteff, 
Professor, Columbia University. Princeton University Press, 
1936. Cloth, 6 X 9!/4in., xiv and 101 pp., 62 figs., $3.50. 


REVIEWED By H. Peters? 


t i-wy AUTHOR makes an excellent presentation in this book- 
let of the present theory of laminar and turbulent flow in 
pipe lines. 

The theoretical analysis of flow past solid surfaces based on 
experimental research has recently reached a point where its 
results can be applied to many engineering problems, but its 
general use has been retarded by the fact that the theory and 
results have been published in a widely scattered literature. 
These publications require intensive study in order to extract 
results useful for immediate application. The engineer and the 
student of fluid mechanics certainly will appreciate the initiative 
of Princeton University in publishing this series of lectures. The 
lectures were delivered by Professor Bakhmeteff of Columbia 
University in 1935 under the William Pierson Field Lectureship. 

The first chapter discusses with precision the “Fundamental 
Notions” of energy loss, shearing stress, laminar and turbulent 
motion, the principle of similarity and Reynolds’ number, laminar 
and turbulent resistance, smooth and rough surfaces. 

Under turbulent resistance the engineering coefficients for 
skin friction, pipe friction, hydraulic slope, and Chezy constant, 
are expressed in terms of wall shearing stress. Some experimental 
data and previous empirical formulations of such data are in- 
cluded in this chapter. 

The next two chapters deal with the theoretical analysis of 
turbulent flow past solid surfaces. The author starts with the 
Reynolds expression for the turbulent shear stress in terms 
of the turbulent velocity components and continues with 
Prandtl’s improvements through the introduction of the mixing 
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length. The author neglects to mention Schmidt’s Austausch 
coefficient that preceded Prandtl’s mixing length. Consideration 
of the relative importance of viscous and turbulent shear leads 
to the discussion of the laminar sublayer near the wall, and the 
distinction between rough and smooth surfaces. A short dis- 
cussion of Prandtl’s boundary layer prevents confusion with the 
concept of the laminar sublayer. The theoretical analysis is 
here interrupted by consideration of experimental] data on mixing 
length and velocity distributions. 

Von Karman’s similarity concept of turbulent motion yields 
an expression for the mixing length leaving only one experimental 
constant. Integration of the equation of motion is now possible 
and one can determine the velocity distribution in pipe lines and 
the pipe friction coefficient. 

The author's critical discussion of the results of analysis and 
experiment should leave the reader with the definite understand- 
ing of the accomplishments, as well as the slight imperfections 
of the Prandtl and von Karman work. 

The last chapter gives formulas for velocity distribution in 
pipe lines and the pipe friction factor for smooth and rough 
surfaces, and compares them with experimental data. The 
formulas for rough pipes are restricted to artificially produced 
roughnesses, geometrically similar. 

The reviewer feels sure that mechanical engineers will find these 
lectures both an easy and a trustworthy introduction to the 
present theory of turbulent flow in pipes. Its careful reading 
should establish a useful facility in handling practical applica- 
tions. 


Photoelasticity 


A Manuat or ror ENGtnggers. By L. N. G 
Filon, C.B.E., M.A., D.Se., F.R.S. Vice-President of the Roya! 
Society of London, Fellow of and Professor of Applied Mathe- 
matics of University College, London. University Press, Cam- 
bridge, The Macmillan Company, New York. Cloth, 7!» x 5 
in., xi and 140 pp., 27 figs., $1.50. 


REVIEWED BY Rosert W. Vosr® 


HIS manual is a most welcome addition to the meager list 
of texts available to workers in photoelasticity since it fur- 
nishes in a form which is concise and readable the fundamental 
of the optics and mechanics encountered, and explains a certain 
amount of the technique involved in the laboratory work. 
The first chapter, on “Polarised Light,” gives an excellent pres 
entation of this subject, with the basic equations of refraction, 
reflection, double refraction, and interference presented in § 
most satisfying way from the viewpoint of the engineer or et- 
gineering student. In taking up “Uniform Stress” in the second 


chapter the interference phenomenon in white light and the Bal 4 


inet and other compensators are thoroughly treated. The et- 
phasis on these subjects reveals the influence of techniques which, 
though sound in themselves, seem rather outmoded in America! 
practice. The same influence prevails in the fourth chapte! 


on “The Model,” where certain modern materials and the tech: | g 
nique of their use are somewhat slighted. However, the basi 7 


equations relating the model to the prototype, and the many 


precautions in the construction and use of the model, are * 3 


3 Instructor, Department of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. 
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valid today as they ever were, and are so clearly set forth as to 
be of value to the experienced worker as well as to the novice. 
Chapters 3 and 6, on “The Optical Exploration of Non-Uniform 
Stress” and the “Independent Measurement of P + Q,” give 
a description of certain of the methods of supplementing differ- 
ential photoelastic determinations for the completion of the stress 
analysis. The point-to-point integration of the equilibrium 
equation and the Coker lateral extensometer are extensively 
treated, and the thermal and membrane methods touched upon. 
The remaining chapter, 5, on “The Polariscope and Optical 
System,” furnishes the experimenter with a guide concerning 
his apparatus. 

With such an excellent treatment of the fundamentals of 
photoelasticity, backed by the experience of years of laboratory 
practice, this little book is well worth the careful study of every- 
one in the field, and it is to be regretted that certain modern ad- 
vancements in the art could not have been included in such a 
valuable presentation. 


Special Issue of V.D.I. 


ZeITSCHRIFT Des VEREINES DEUTSCHER INGENIEURE. 
80, November 28, 1936, Nr. 48. 
und Messen.” 


Berlin, Bd. 
Special issue entitled ‘‘Priifen 


ReviEWweED BY J. P. Den Hartoa‘ 


"THIS issue contains preprints of papers presented in a sym- 
posium on “Testing and Measuring” before the V.D.I. on 
Dec. 1 and 2, 1936, in Berlin. 

A general introduction by C. Ramsauer is followed by six pa- 
pers covering various phases of testing technique, which give 
an excellent report of the status of the art and of the various de- 
vices brought out during the Jast decade. Quite elaborate ref- 
erences to the literature are appended to each paper. 

The first of these papers is by H. Oschatz and deals with fatigue 
machines of which no less than 19 different types are illustrated 
and discussed critically. These machines test the fatigue prop- 
erties in bending, in torsion, or in tension; they are operated 
with constant load on a rotating specimen or have a steady test 
piece to which the load is applied by means of pistons, centrifugal, 
inertia, or magnetic forces. At the end several machines for the 
fatigue properties under combined stress are described and dis- 
cussed. 

The second paper by W. Zeller on ‘Vibration Measuring In- 
struments” discusses many devices introduced during the last 
decade, including several new types of mechanical vibrographs; 
electromagnetic pickups with their corresponding amplifiers; 
carbon-pile and contact-type accelerometers. 

The third paper is by 8. Meurer and deals with high-speed in- 
dicators for internal-combustion engines. A description of 
several point-by-point indicators, operating on the “strobo- 
scopic” principle such as those developed by de Juhasz, Farn- 
borough, and others, is followed by a discussion of those of the 
continuously recording type, actuated either electromagnetically, 
piezoelectrically, by carbon piles, or by condensers. The op- 
eration of cathode-ray oscillographs in connection with these de- 
vices is discussed critically. 

The next paper by G. Berndt deals with several mechanical 
and optical methods of testing the accuracy of manufacture of 
screw threads. Templates are shown for checking the root and 
outside diameters of the bolts, the variation in pitch along the 
thread, and the angle on the side of the threads. 

A fifth paper by P. M. Pflier deals with remote indication, or 
“telemetering” as it is sometimes called. The devices discussed 


. ‘ Associate Professor of Applied Mechanics, Harvard University, 
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are all electrical and serve the purpose of transmitting the read- 
ings of various electrical or mechanical quantities (displacement, 
stress, etc.) over moderate and long distances. The advantages 
and limitations of these schemes for their several applications 
are mentioned. 

The last contribution in the series by E. Scheil covers the ex- 
perimental procedures in metallography, including the usual 
microscope technique, the schemes for measuring magnetic 
saturation to find changes in structure and the modern X-ray 
methods disclosing the atomic structure of the crystal. 


Thermodynamics 


EINFCHRUNG IN Die TECHNISCHE THERMODYNAMIK. By Dr.- 
Ing. Ernst Schmidt, Professor at the Technical High School, 
Danzig. Julius Springer, Berlin, 1936. Cloth, 6 X 91/4 in., viii 
and 314 pp., 182 figs. and 2 tables, Gebunden 15 rm. 


REVIEWED BY A. Gorr’ 


ENGINEERS interested in the more technical applications of 

engineering thermodynamics are familiar with W. Schiile’s 
Technische Thermodynamik in which can be found a clear and 
detailed account of almost every important development in the 
subject. No new edition is contemplated of this book, which over 
a period of twenty-five years has enjoyed as many as five edi- 
tions, the last appearing in 1930. Hence, the recent book by 
Prof. Ernst Schmidt, which is designed to replace that of 
Schiile and which is the subject of the present review, is particu- 
larly welcome. 

Some special features of Professor Schmidt’s book which dis- 
tinguish it from the ordinary textbook on engineering thermo- 
dynamics may properly be mentioned right at the start. First is 
the careful and thorough treatment of the Second Law. Absolute 
temperature is introduced as an accurately measurable quantity 
proportional to the intercepts on the zero-pressure axis of isotherms 
of actual gases on the pv, p-plane. Next, it is shown that the 
thermal efficiency of the Carnot cycle using as working substance 
a perfect gas defined by the laws of Boyle and Joule, but without 
the usual assumptions as to constancy of specific heats, is given by 
the well-known relation involving the absolute temperatures of 
source and refrigerator. The Second Law is then stated explicitly 
in four equivalent forms and invoked to show that the thermal 
efficiency of the Carnot cycle using any substance as medium must 
be the same as that given by a perfect gas. The logical defect in 
reasoning of this sort based as it is upon totally nonexistent per- 
fect gases with purely hypothetical properties is later removed by 
a more mathematical proof that absolute temperature is a uni- 
versal integrating divisor common to all substances. The applica- 
tion of the Second Law to irreversible processes is then discussed 
and the statement of the Law according to Caratheodory care- 
fully explained. Finally, there follows an elegant discussion of the 
statistical meaning of entropy and the Second Law. 

Another distinctive feature of the book is the inclusion of the 
latest information on specific heats of gases as determined from 
spectroscopic measurements and on the properties of steam as 
agreed upon at the International Steam Tables Conference, 1934, 
in New York. Especial care has been exercised in writing em- 
pirical equations to see that they are of correct form dimension- 
ally. For example, the equation of Keyes, Smith, and Gerry, 
which is the basis of the formulation of properties of superheated 
steam in the new Keenan-Keyes steam tables, is made to appear 
much less formidable by rewriting it in dimensionally correct and 
consistent form. 

The chapters on fluid flow, combustion processes, and heat 


5 Professor of Thermodynamics, University of Illinois, Urbana, 
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transfer are especially welcome, for these are subjects of increasing 
importance to the engineer. In the chapter on heat transfer, the 
author’s graphical method of solving problems in nonstationary 
flow of heat by conduction is carefully explained; also fundamen- 
tal ideas of heat transfer by radiation are presented. As time goes 
on, these fundamental subjects will demand more and more promi- 
nence in the curricula of our engineering colleges. 

Special applications of thermodynamics to practical processes 
are numerous and need not be mentioned in detail. The figures 
are exceptionally clear and well chosen to aid in following the 
text. Problems are given at frequent intervals and their solutions 
are appended. Those who read Professor Schmidt’s book will 
surely agree that it is a significant contribution to the literature of 
engineering thermodynamics and will look forward with interest 
to the forthcoming second volume which will treat special prob- 
lems in more detail and introduce the engineer to the chemical 
application of thermodynamics. 


Welding in Boiler and Tank 


Construction 
ScCHWEISSVERBINDUNGEN IM KEssSEL—UND BEHALTERBAU. By E. 
Hédhn (Oberingenieur, Zurich), Julius Springer, Berlin, 1935. 


Paper 61/2 X 91/2 in., vi and 145 pp., 107 figs., 12.60 rm. 
REVIEWED By S. C. 


HE author of this book, ‘‘Welding in Boiler and Tank Con- 

struction,” is chief engineer of the Swiss Society of Steam 
Boiler Owners, and, therefore, speaks with authority in pre- 
senting current practice in that country. We have no similiar 
book in America. While our A.S.M.E. Boiler Code gives the 
rules for such construction, it does not present in discussional 
form the background upon which the rules are based. 

The work is divided into six parts: (1) Technique and materials; 
(2) strength considerations; (3) research in welded joints; (4) 
welding practice; (5) safety precautions; (6) various other uses 
of welding. 

While mechanical welding is mentioned, the book really deals 
with acetylene gas and electric arc-fusion welding. Mechanical 
welding is accomplished usually by using water gas as the heat 
source; and when the gas is free from phosphorus and sulphur, 
this method is in great favor in certain quarters. For direct-cur- 
rent arc welding, 22 to 25 volts is used, with a striking voltage 
of 35 to 60 volts. When three-phase alternating current is used, 
an arc voltage of 25 volts, and a striking voltage of 75 volts, is 
employed. The amperage ranges between 25 and 65 amps per 
mm diameter for coated electrodes. 

The author then proceeds with a remarkably complete though 
compact statement of principles of the strength of ductile materials 


upon which the proper design of pressure vessels should be based. | 


He presents an excellent discussion of the elastic-strength theo- 
ries for two-dimensional and three-dimensional stress. Although 
the maximum-stress, maximum-shear, and maximum-strain theo- 
ries are presented and compared, the author favors the maximum 
strain-energy hypothesis of Hencky and von Mises. The limit 
of the elastic state and hence the determination of working 
stresses is based on this latter hypothesis. By the same theory 
the plastic state is considered together with supporting research 
conducted by Ros and Eichinger. 

In the light of the analysis of the principal stresses, the 
endurance range under fatigue conditions is determined. The 
limiting stress is expressed in the following formula which also 
forms the basis of the V.D.I. work sheets: 


6 Associate Dean, College of Engineering, Cornell University, 
Ithaca, New York. Mem. A.S.M.E. 


JOURNAL OF APPLIED MECHANICS 


1 owin 
= 0.60 mC 4 


The joint profiles for butt welds are in general similar to those 
employed in this country. The V profile has for an included 
angle, 55 to 60 degrees for electric arc, and 60 to 80 de- 
grees for gas welding. The X profile is made both symmetrical 
and unsymmetrical, the latter really being a V weld with one pass 
of back welding. Only a small amount of excess welding is 
deposited above the face of the plate. 

Three methods of annealirg are discussed—local annealing, nor- 
malizing, and stress-relieving. The author points out that local 
annealing may result in the introduction of new stresses. Stress- 
relieving at 600 to 650 C relieves stress through creep at this 
temperature; while normalizing at 880 to 930 C changes the 
structure of the deposited metal. 

Butt welding with either V or X profile, is done by first welding 
on the one side; then peening the throat from the back with a 
chipping tool; and finally welding on the back. Thus, even 
a V weld becomes an unsymmetrical X weld if done in this way. 
Great importance is attached to the peening in the throat from 
the back. 

The ultimate strength of a butt weld is expressed in lb per sq in. 
by 

o, = CK 
in which 
C 


0.5 welded one side only, not back-welded, unrelieved; 
0.6 welded one side, back-welded, not back-peened, un- 


relieved; 
= 0.7 welded one side, back-welded, back-peened, unre- 
lieved; 
= 0.8 welded one side, back-welded, back-peened, stress 
relieved 
and 
K = 51,200 for autogenous weld; 


48,300 for bare-wire arc weld; 
= 56,900 or more, for coated electrode. 


The discussion of the strength and design of fillet welds could 
be read with great profit by American designers. Transverse 
fillet welds should preferably be sloped about 30 deg, a form 
which gives greatly improved stress transfer when compared 
to the customary quarter-round fillet. Side-fillet welds do not 
transmit stress uniformly along their length, a condition which 
should be reflected in the design. Butt straps and other similar 
attached members should be fillet welded continuously around 
the periphery. 

Great emphasis is placed on the care with which the first pass 
of a fillet weld is made, in order to insure thorough pene- 
tration at the root of the fillet. 

In designing members involving fillet welding it is emphasized 
that care must be used to avoid notches, slits, and other aggra- 
vating stress raisers. 

The author devotes considerable space to a careful consideration 
of the effect of shrinkage of the deposited metal. He discusses the 
difference in volume change by slow cooling, resulting in pearlitic 
structure, and rapid cooling which results in hard and brittle 
martensite. In the latter case there is very great shrinkage it 
cooling to 250 C, after which there is considerable expansion. 
Such a condition may result in cracking during the welding 
operation. 

The author points out that the V or U profile of butt welds will 
result in a distortion, whereas the X profile avoids this by symmet- 
rical shrinkage. He summarizes a large amount of research up0! 
the effect of shrinkage and of subsequent stress relief. 

It is the custom in Switzerland to attach proving coupons 4 
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the end of the long seam of « pipe or pressure vessel. Specimens 
are subsequently cut from these coupons from which to determine 
the strength of the welds. This is standard practice in America. 

A notable feature of this book is the discussion of a large number 
of tests upon welded joints, nozzle attachments, manholes, covers, 
and tapered flanges. Large moments are again reported at sharp 
knuckles of dished heads. High bending stresses are also reported 
at lapped long joints due to the eccentricity of such a connection. 
The need of reinforcement at manhole and nozzle openings is dis- 
cussed from both theoretical and practical considerations. Prac- 
tice reported in this respect, however, appears not to carry out the 
dictates of the basic considerations; and at such locations the 
forms reported are both good and bad, as may be found in stand- 
ard practice in this country. The principal fault of the designs 
at such openings is, in this reviewer’s opinion, due to a lack of 
appreciation that the edge of the opening is a place where great- 
est reinforcement is required; and that reinforcement placed 
some distance from the inner edge of the opening is only partially 
effective. 

Two novel features of pressure-vessel design are reported in the 
chapter on safety considerations. One of these is the use of a 
spiral long seam instead of a straight seam parallel to the axis of 
the vessel. A variation is a zigzag long seam. Since the rupture 
of a vessel due to hoop stress is in general a longitudinal fracture, 
the attempt here is to place the long seam in such a way that it 
will cross, one or more times, such a possible long rupture. The 
inference would be that the long seam would not develop the full 
strength of the plate and would, therefore, produce a line of weak- 
ness if placed parallel to the axis of the vessel. This consideration 
of the strength of such a butt weld is at variance with that held in 
this country. 

The second novel feature is the use of small butt straps placed 
across butt welds. Here again the inference seems to be that a 
longitudinal butt weld is a line of weakness. 

The American reader of this work cannot help being impressed 
with the consistent approach to the design of pressure vessels from 
fundamental considerations of mechanics and strength of mate- 
rials, as contrasted to the principally empirical approach at present 
current in this country. At the same time the book conveys the 
feeling that the quality of welding in this country, especially as 
relates to the butt welds, would justify greater confidence in them 
than is apparent in similiar joints produced abroad. 

This book warrants careful study by those interested in pressure- 
vessel design. Its thorough and compact presentation of fun- 
damental principles of stress considerations and the behavior of 
materials will be found especially valuable. 


Graphostatik 


GrapHostaTik. By Dr.-Ing. E. Trefftz,’ Professor of the Technischen 
Hochschule, Dresden. Teubners Mathematische LeitfAden Band 
42. Verlag und Druck von B. G. Teubner, Leipzig and Berlin, 
1936. Cardboard, 5!/: < 81/, in., 90 pp., 99 figs., Rm 4.80. 


PREPARED BY S. TImosHENKO® 


THs small booklet of 90 pages represents the lectures on 

graphical statics given by Professor Trefftz to the students 
of the department of mechanical engineering at Dresden Poly- 
technical Institute, Germany. For this class of students only a 


” Professes Dr. E. Trefftz, the outstanding German scientist in the 
field of applied mathematics, died in January, 1937. He was a pupil 
of F. Klein and C. Runge and made important contributions to the 
Science in the fields of theory of elasticity, aerodynamics, and in 
theory of vibrations. 
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brief course in graphical statics is given, and the Trefftz book 
contains approximately the same material as is usually covered 
in the books of engineering mechanics in this country. 

The first chapter of the book deals with the fundamental as- 
sumptions which are usually made in analyzing trusses. In the 
second chapter the system of coplaner forces is discussed 
and the three equations of equilibrium are established. It is 
shown that in treating the problem graphically these equations 
are replaced by the construction of a polygon of forces and of a 
funicular polygon. These polygons are applied for determining 
reactions at the supports of various trusses and arches. The 
third chapter deals with various methods of analyzing trusses 
and begins with the construction of Maxwell-Cremona diagrams. 
An interesting discussion of reciprocal figures is given and it 
explained in what cases the Maxwell-Cremona diagrams can be 
constructed. Several examples of the application of the method 
of sections in analyzing roof and bridge trusses are given. This 
chapter is concluded by a general discussion regarding the num- 
ber of bars which are necessary for forming a rigid truss, and it is 
shown that all statically determinate trusses can be analyzed by 
using Henneberg’s method. The fourth chapter deals with the 
graphical methods of determining centroids and moments of 
inertia of plane figures. The applications of the Mohr circle in 
determining the principal axes of figures and in calculating the 
principal moments of inertia are shown. 

The last chapter gives a brief discussion of bending of beams, 
and it is explained how funicular polygons and funicuiar curves 
can be used in determining bending moment diagrams for simply 
supported and cantilever beams. The Mohr method of construc- 
tion of deflection curves as funicular curves for the fictitious load 
represented by the bending moment diagram is also discussed. 

Professor Trefftz, as a mathematician, was principally inter- 
ested in a rigorous representation of the principal methods of the 
graphical statics, and his book may be of interest not only to 
engineers but also to mathematicians interested in the applica- 
tions in engineering. 


Modern Acoustics 


Mopern Acoustics. By A. H. Davis, D.Se. Principal Scientific 
Officer in the Physics Department, The National Physical Labora- 
tory. The Macmillan Company, New York, 1934. Cloth, 53/4 X 
9 in., xi plus 345 pp., viii plates, 204 figs. $6. 


REVIEWED By A. L. 


F THE several books which have appeared in this field 
during the last two or three years, this is one which will 
have particular appeal'as an up-to-date and scholarly work 
written from the viewpoint of the true acoustician rather than of 
the mathematician or elastician. It shows a broad knowledge 
of the experimental field giving many illustrations and references, 
while at the same time a thorough grounding and understanding 
of the theory makes this work satisfying to the most particular 
investigator. 

To one interested in the control of sound and noise from the 
standpoint of basic principles, this book is one of the best. 

The author is on the staff of the National Physical Laboratory 
at Teddington, England, which is in itself a recommendation. 
He has done some fundamental work on the transfer of sound 
through walls and partitions, the results of which have appeared 
in the Philosophical Magazine and the Royal Society Proceedings. 

A considerable portion of the book is devoted to the various 
types of apparatus used in connection with acoustics, including 
sources of sound, means for the accurate measurement of its 


* Engineering General Department, General Electric Company, 
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intensity and frequency, together with means for absorption and 
filtration. 

There are 18.chapters in all, covering about 300 pages, and 
there are 9 different sections in the appendix giving formulas and 
analytical developments in a space of some 20 pages. 

The treatment of theory emphasizes results rather than de- 
tailed derivations, which latter can be found in any standard 
textbook on sound. 

The idea of acoustical impedance is introduced through the 
analogue of the mechanical impedance of a simple oscillating 
system of one degree of freedom, which is presented in consider- 
able detail. Acoustical impedance for sound transmission in 
general is given that physical reality which it is most important 
for the serious student of acoustics to apprehend if he would 
thoroughly grasp the meaning of the analytical theory. 

There is a chapter on the well-known electric-acoustical 
relations of the telephone diaphragm bringing out the idea of 
damped and free impedance. 

Another one takes up modern methods of obtaining audio 
frequencies from electrical apparatus by the use of thermionic 
valves and valve rectifiers, etc. 

Chapters 7 and 8 are devoted to the important subject of 
measurement of sound intensity, including the Rayleigh disk, 
microphones, and resonators. 

Following an interesting chapter on the theory of reverberation 
and sound absorption in inclosures, comes one setting forth 
schemes for measuring frequency. 

A section of the book which is of particular interest to the 
reviewer is included in chapters 11 to 13, covering the 
analysis and filtration of sound, acoustical impedance and sound 
transmission, and finally, absorption of sound. The careful 
reading of these chapters with references, gives an excellent 
picture of how far this art has been advanced to the present. 

A discussion of noise measurement and the use of sound meters 
follows a chapter on the ear and hearing, an understanding of 
which is important for the proper use of a sound meter. 

The acoustics of buildings as controlled by various absorption 
schemes is then taken up, together with the theory of and methods 
for reducing noise transmission, which subjects are best appre- 
ciated after consideration of the characteristics of the ear and 


noise meters. 
The final two chapters outline briefly modern methods of 
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recording and reproducing sound, with a discussion of telephone 
loud-speaker characteristics. 

The writer considers this book a useful addition to his acous- 
tical library and one which will be cften referred to in connectio), 
with noise problems. 


Welding 


THe WELDING AND CutTTING YEAR-BooK 1936-1937. Edited by 
C. Helsby, C. W. Hamann, and F. J’ Samuely. The Temsbank 
Publishing Co. Ltd., 12, Whitehall, London, 8.W.1. Paper, 5' , 
< 8!/,in., 260 pp., 47 tables, 143 figs., 5s. 


REVIEWED BY CHARLES H. JENNINGS'® 


HIS book contains 18 chapters of condensed information re- 

lating to the latest progress and development of welding in 
Europe. The contents are written in a clear and concise manner 
and illustrated with many photographs and drawings. Unfor- 
tunately, no captions are included with the illustrations, thereby 
making it difficult to connect them with the script. 

The first chapter relates to the progress of welding and illus- 
trates numerous recent applications in the structural, railway, and 
ship-building industries. The next seven chapters are devoted 
to oxyacetylene cutting and the various welding processes. Each 
welding process is treated from the standpoint of theory, equip- 
ment, and principal applications for which it is adapted. 

Chapters 9 to 11 inclusive deal with the metallurgy of steel and 
the welding of cast iron, stainless steels, alloys, and nonferrous 
metals. These chapters, particularly the one on metallurgy, are 
the most valuable in the book because of the wealth of informa- 
tion contained and the concise untechnica] manner in which the 
subjects are presented. They should be found of particular 
value to the welder or engineer who is not technically trained in 
metallurgy. 

The remainder of the book treats of various subjects such as 
the mechanics of welds, eye protection, procedure control, welding 
and cutting nomenclature, weld testing, and the training of weld- 
ers. The brief manner in which the subjects are presented makes 
it impossible to go into great detail but many valuable and worth- 
while data are given. 


Research Engineer, Research Laboratories, Westinghouse Elec. 
& Mfg. Co., East Pittsburgh. Pa. Mem. AS M_E. 
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Flow Through Granular Media 


By BORIS A. BAKHMETEFF'! ano N. V. FEODOROFF,? NEW YORK, N. Y. 


Ever since Darcy’s (1)' basic work on the mechanics of 
filtration, flow through porous media has been the object 
of repeated research. Numerous and most valuable data 
on filtration coefficients have been gathered (2), the 
approach in recent years having been broadened by in- 
voking the principle of dynamic similitude (3). So far, 
however, no general picture has been disclosed, such for 
example as made available for pipes by Osborne Reynolds 
and his successors. Systematic research was initiated 
accordingly at the fluid-mechanics laboratory of Colum- 
bia University with the object of possibly obtaining a 
comprehensive view of the phenomenon asa whole. This 
paper summarizes the results of the first series of experi- 
ments, which deal with flow through media composed of 
uniform spherical bodies, for which lead shot varying in 
diameter from 0.0377 in. to 0.361 in. was used. 

The device used permitted resistance slopes over 7 : 1, 
and the Reynolds’ characteristics were extended to the 
unprecedented range of nearby 1.8 X 10°. Under such con- 
ditions the whole series of the successive flow forms be- 
came evident. The initial Darcy type of flow with re- 
sistance proportional to the first power of the velocity 


NOMENCLATURE 


The following nomenclature is used in the paper: 
U_ average or bulk velocity, fps 
Q average or bulk discharge, efs 
A_ cross-sectional area, sq ft 
Vvoids aggregate volume of voids in a certain granular space, cu ft 
Vota total volume of the space as a whole, cu ft 
a volumetric parameter = Vvoids/Viotal indicating the porosity 
Reynolds’ number 
diameter of the spheres in the granular space, ft 
s'ope of the pressure-head line 
resistance head 
length, ft 
the exponent in the relation h,/l = const U" 
Darey’s filtration coefficient 
specific weight, lb per cu ft 
resistance force, lb 
absolute viscosity, lb X sec X ft~* 
kinematic viscosity of the fluid, ft x ft per sec 
density, lb X sec X ft~* 
resistance coefficient in the quadratic formula = 
(¥/8) (U?/2g) 
acceleration due to gravity, ft per sec per sec 


we 


we 


h/l = 


ue of Civil Engineering, Columbia University. Mem. 

* Research Assistant, Columbia University. 

’ Numbers:in parentheses refer to the Bibliography at the end of 
the paper. 

Presented at the Joint Meeting of the Applied Mechanics and 
Hydraulic Divisions of THe AMERICAN SociETY OF MECHANICAL 
om held at Cornell University, Ithaca, N. Y., June 25-26, 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until November 10, 1937, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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was superseded by a zone where losses rapidly grew on an 
increasing power of the velocity UU”, until in the higher 
ranges once more an apparently stable pattern with a 
constant exponent n = 1.8 was reached. 

A simple method based on dimensional considerations 
and which takes into account the varying porosities was 
used to reduce experimental data to a unified basis. In 
terms of a proper Reynolds characteristic, the generalized 
resistance coefficient in a quadratic formula presented 
itself in the form of a unified continuous outline. The 
possible mechanism of resistance in the different flow 
forms is discussed in the condensed survey of the dynamics 
of the case preceding the description of the experiments. 
The unwarranted analogy with laminar and turbulent 
flow in pipes is substituted by an interpretation invoking 
a parallel with the Stokes type of flow and with the cus- 
tomary ‘“‘form’’ resistance of spheres. At the close a 
comprehensive expression is given to the Darcy filtration 
coefficient taking account of the porosity and the vis- 
cosity of the fluid, with only one dimensionless empirical 
parameter, the numerical value of which assumedly is a 
constant for a certain shape. 


C a numerical constant 

C, drag coefficient 

( ), subscript 6 indicates bulk or gross values 

(), subseript p indicates “reduced” values taking account of 
varying porosity 


HYDROMECHANICAL AND CAPILLARY FLow PATTERNS 


Flow forms treated in this paper belong to the ‘“‘hydromechani- 
eal” type. The term hydromechanical is used to indicate that 
the size of the voids is large enough for the usual mechanical 
features of fluids, meaning viscosity and inertia forces, to govern. 
The distinction is from cases where the voids are small enough 
to become commensurate with the sphere of action of molecular 
forces. Flow under the latter conditions may be qualified as 
belonging to the “capillary” type, molecular agencies eventually 
superseding viscosity in shaping the motion. 


Forms 


The individual particles which form granular media assemble 
into aggregates constituting the solid framework through which 
the fluid is to flow. With spheres of uniform diameter, one may 
visualize assemblages with the particles grouped throughout the 
media in identical fashion. The framework in this case will be 
homogeneous, and the fluid filaments will pass successively 
through voids of identical shape. Fluids of different kinds when 
flowing through similar homogeneous assemblages will assumably 
feature dynamically similar forms when marked by an identical 
Reynolds-type characteristic. Geometrically similar assem- 
blages possess further the same porosity factor 


eQ= Voids / V total {1 


which is a volumetric parameter, being the ratio between the 
aggregate volume of the voids in a certain granular space to the 
volume of the space as a whole. 

For geometrically similar assemblages, the local velocities in 
similar patterns are proportional to the average bulk velocity 
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[2] 


which is the average rate of discharge per unit area of the gross 
cross section of the granular media. The dimensions of the 
voids in similar fashion are proportional to the diameter of the 
sphere 6. This leads to a bulk Reynolds characteristic 


where » is the kinematic viscosity of the fluid. 
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Assemblages, as described previously are obviously idealized 
abstractions. In fact, the only measurable feature in an assem- 
blage is the porosity factor. Even the same average porosity 
assemblages will obviously differ in local detail and will not be 
strictly homogeneous. So the frameworks, with which one 
operates in practice, are at their best only statistically average 
assemblages, the porosity factor a being the sole parameter 
characterizing the framework in question. 


VaRYING PorosiTy AND REDUCED CHARACTERISTICS 


Natural media exhibit greatly varying porosities, the range 
mostly being between 35 and 50 per cent. Even in laboratory 
conditions repeated filling results in different a factors. As a first 
approximation experimental data, obtained with different 
porosities, may be “reduced” to a unified basis by introducing a 
characteristic velocity U, and a length parameter 6, which 
stand in closer proportion to the actual velocities in the voids 
and to the size of the latter. In the past substitutions of this kind 
were made without due regard to dimensional considerations. 
In fact as the average aggregate voids cross section is obviously 
A, = Aya’ the characteristic voids velocity should be 


In similar fashion the longitudinal scale factor, characterizing 


the size of the voids should be 


One arrives thus at a reduced Reynolds-type characteristic 
U. 6 U, b R, 


The effectiveness of the suggested method of reduction is 


illustrated by Fig. 1. 
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Laws AND MECHANISM OF RESISTANCE 


In established flow through homogeneous media the resistance 
or loss of fluid energy is measured by the pressure gradient 
—dp/dz, or by the slope of the pressure-head line 


S =h,/l = —[(1/y)(dp/dz)] [7] 


For low velocities amid particles of small size, as encountered 
in filtration sands, resistance is taken to be proportional to the 
first power of the velocity. Hence, by the well-known Darcy 
law 


where K is the filtration coefficient. At higher velocities and 
for larger voids, resistance is known to follow a higher power of 
the velocity. Hence, the relations 


S = au, 4 bU,? [9] 


as suggested by Forcheimer (4) can be used. Another way is 
to use exponential relations 


the exponent being n = 1 for the Darcy type of flow, and then 
gradually increasing to somewhere near n = 2. 

In reasoning out the mechanism of flow through granular 
media, recourse is often taken to analogies with laminar and 
turbulent motion in pipes. This parallel is further enhanced by 
an outward resemblance of the resistance formulas pertinent to 
both cases. Such analogies lead to confusion. As diagnosed 
long ago by Forcheimer (5) changes in the resistance losses in 
flow through granular media are attributable to an entirely 
different set of circumstances. In fact, motion through porous 
matter is essentially nonuniform. In their tortuous tridimen- 
sional paths, the filaments are subjected to repeated enlargements 
and reductions of their cross-sectional areas complemented by 
bends and twists. Brusque accelerations arise, resulting in 
pronounced inertia effects, necessarily accompanied by losses 
of the particular type which characterize rapid change of motion 
form. The term used by old-time hydraulicians to qualify 
phenomena of the sort was “shock.” A shock may be due 
either to sudden enlargement in the axial direction or to a sudden 
deflection. In all cases the customary way has been to invoke 
the Borda-Carnot principle to evaluate losses. The present-day 
term, when dealing with resistances, arising out of flow around 
isolated solid bodies is “form resistance.” 


shearing stresses but are lodged in the inequalities of the normal 
pressures on the front and the aft of the solid bodies. 

Dynamic pressures are customarily expressed in terms of the 
velocity head v?/2g. In hydraulics, local losses traditionally are 


expressed by the Weissbach formula h, = ¢U*/2g. Finally, | 
when recourse is taken to the momentum change, the latter it | 


proportional to 


discharge X velocity = area X velocity? ...... [1] | : 
In other words, inertia effects are proportional to the squat | 


of the respective velocities, and it is these inertia effects and 
losses connected therewith, which are responsible for the appea™ 


The important point 
is that losses of this type are principally caused not by tangential — 


ance of the quadratic member in Equation [9] and for the e& 3 


ponent n > 1 in Equation [10]. 

To reconcile the foregoing with the Darcy law, in 
invoking an analogy with the laminar motion in pipes, 
parallel should be with the movement around small spheres}! 
extremely low velocities, as studied by Stokes (6). The pf 
ticular feature of the Stokes case was that the inertia for 
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were taken to be so small by comparison to the viscous agencies 
that the respective members in the general equations could be 
omitted. This simplification allowed theoretical solutions result- 
ing in the expression for the resistance force 


[12] 


a relation which is in good accord with experimental observa- 
tions provided the Reynolds number remains less than unity (7). 

In other words, the Darcy motion in granular media at ex- 
tremely low Reynolds characteristics stands in the same rela- 
tion to flow patterns of the quadratic resistance type, as the 
Stokes motion around minuscule spheres compares with the cus- 
tomary form-resistance patterns, expressed by the Newton 
quadratic formula. 

Another and possibly still closer analogy is to be found in the 
streamline motion around obstacles in the very thin viscous 
films between glass plates as presented by Hele Shaw (8), an 
example of which, picturing flow through an aperture with 
subsequent rapid expansion is given in Fig. 2. The char- 
acteristic feature is that there is no separation. The fila- 
ments beyond the aperture expand and fill the suddenly enlarged 
cross section in a continuous fashion. Similar conditions prevail 
in the case of flow around a cylinder, the pattern being sub- 
stantially analogous to the Stokes motion around a minuscule 
sphere. The underlying dynamical premises in both cases are 
the same. The inertia forces are negligible by comparison to 
the viscous effects, and the latter wholly dominate the molding 
of the flow pattern. 

By analogy in flow through granular media of the Darcy type, 
the fluid trajectories assumably hug the tortuous voids, the 
filaments filling in a continuous fashion the expanding and con- 
tracting spaces. The motion obviously is streamline and the 
resistances, like in the Stokes and Hele Shaw cases, devolve 
from the tangent shearing stresses which are proportional to the 
first power of the velocities. The essential difference, however, 
from the Poiseuille flow in pipes is that in the latter the inertia 
forces simply do not appear in the equations, while Stokes, in 
dealing with essentially variable and nonrectilinear motions, is 
obliged to start with the Navier differential equations in their 
complete form and only as a quantitative assumption, valid 
within certain limits, drops the inertia members containing 
quadratic velocity elements. It is interesting to note, that the 
Germans use a separate word—schleichend (creeping)—to 
differentiate the Stokes type of streamline motion from the 
customary laminar patterns as encountered in pipes. In the 
following, the terms ‘‘viscous flow,” and “viscous resistance” 
shall be used to qualify these particular flow forms. 

As the ratio of the inertia forces to viscous agencies increases, 
the réle of the inertia forces become more and more noticeable. 
Their first effect is to cause “separation.” In the case of a 
sphere, Stokes flow with the filaments closing back of the body 
is superseded by the customary motion with a wake. The type 
of resistance becomes “form,”’ complying with the quadratic 
Newton formula. The Hele Shaw flow through an aperture 
under the preponderance of inertia force changes to the cus- 
tomary efflux through an orifice, as shown in Fig. 3, with the 
live fluid vein moving through dead water separated by a surface 
of discontinuity. . 

By analogy, in granular media one may visualize local wakes 
and rolls as marks of separation, which invariably accompanies 
brusque variation of form. It is only natural to anticipate that 
in these tumultuous surroundings the filaments will eventually 
break up and that turbulent mixing will be initiated. However, 
the point is that no matter whether flow is turbulent or laminar, 
friction exemplified by shearing stress plays a diminishing part 
and that, as stated before, resistance becomes more and more 
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lodged in the inequality of the normal pressure forces at the front 
and back of the particles. An illuminating parallel again is the 
well-known case of a laminar boundary layer in the case of an 
isolated sphere, where the effects of the inertia forces lead to a 
wake with a greater form resistance than when the layer 
becomes turbulent. 


Fie. 2 


Fie. 3 


Accordingly, to differentiate the source of quadratic resistance 
in granular flow from turbulence, Forcheimer suggested the term 
“quasi-turbulent” (9). In the following, the term “form re- 
sistance” will be used. 


GENERAL RESISTANCE FORMULA 


For similar flow patterns through porous media a generalized 
expression for the pressure gradient may be derived by applying 
dimensional considerations, repeating the procedure used by 
Reynolds in the case of pipes. In fact, in a generalized exponen- 
tial relation 


—dp/dz = coeff X 


dimensional requirements lead to 


Also a generalized resistance formula of the quadratic type may 
be used 


—dp/dz = [14] 
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or introducing the resistance slope 


In the foregoing y is a dimensionless resistance factor, which in 
view of Equation [13] becomes 


For the region of viscous resistance, with flow of the Darcy 
type characterized by n = 1 


where C is a numericai constant. 

For purely quadratic form resistance with n = 2, y should 
be a constant, independent of the Reynolds number. For a 
stable region with n less than 2, Equation [16] would result in an 
expression on the lines of the Blasius formula for smooth pipes. 

Obviously, the reasoning will apply to bulk flow as well as to 
elements, reduced to take consideration of porosity. Thus, we 
shall distinguish between y, as the bulk, and y, as the re- 
duced resistance coefficient, connected through the relation 


S = ¥,(1/8)(U,?/2g) = [18] 


In view of Equations [4], [5], and [6] the interrelation between 
the coefficients is 


Vp = ¥(U,/U,)*(5,/8) = [19] 


With particular reference to the viscous-flow region, designating 
by C, and C, the constants in Equation [17] as 


C,/R, and Vp = C,/R, [20] 
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one obtains, in view of Equation [19] 


The outward resemblance between Equations [13], [14], [15], 
[16], and [17], and the customary formulas for pipes should not 
be misjudged as indicating any organic similarity between the 
phenomena. In fact, identical structure of formulas comes 
simply from the dimensional interrelations, exemplified by 
Equation [13]. To elucidate the matter, note that the resistance 
force F, in the Newton formula 


F, = ApC,(U*/2) 


JOURNAL OF APPLIED MECHANICS 


TABLE 1 SHOT DIAMETER, POROSITY, DIAMETER AND 
VOLUME RATIOS 

Diameter of Porosity Ratio of _ Ratio of 

Series shot, in ————per cent: diameters volumes 
A 0.3610 39.7 eu 40.2 9.590 881.00 
B 0.2390 40.2 re 45.9 6.340 256.00 
Cc 0.1700 39.3 we 39.8 4.510 91.20 
D 0.1170 40.6 41.1 42.4 3.100 29.80 
E 5 36.9 38.4 41.4 1.815 6.02 
F 0.0377 40.1 41.9 42.1 1.000 1.00 
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with the drag coefficient Cz, can be reduced to an expression 
exemplifying a mean pressure drop in the direction of the flow 
per unit length of the body d by writing 


—(dp/dx) = (F/Ad) = p(C,/d) (U?/2)...... [22] 


a relation identical to Equation [14]. 
Again, transforming in similar fashion the Stokes formula, 
Equation [12] 


dz x+(8*/4)8 (2 ) [23] 


an expression analogous to Equation [14], with a resistance 
coefficient 


identical in structure to Equation [17] 
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UNIversity ExPERIMENTS 


Encouraged by the preliminary results obtained by one of 
the authors? during the spring of 1936 in his graduating thesis, 
systematic experiments were started using the special setup 
shown in Fig. 4. The test piece was a 3-in. brass pipe 5 or 2 
ft long, with elbow parts b, the device filled to the level O-O 
With the shot to be experimented upon. The pressure drop was 
measured over the pipe length between the flanges in what was 
assumed to be established motion. The flanges, shown in 
Fig. 5, had a ring-form pressure chamber communicating 
with the inside of the pipe by means of a slit e, the caliper of 
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which could be adjusted to any desired size by inserting a 
gasket g, of equal thickness. 

The principal difficulty in experiments of this kind is the inter- 
ference from air dissolved in the water which becomes liberated 
in the process of flow through the pores; therefore, special pre- 
cautions were taken to obviate as much as possible such effects. 
City water admitted te the head tank was filtered through a 
gravel bed. The flange pressure chambers were connected with 
the pressure line from below, which permitted the blowing out 
of any air that accumulated in the system. Any manometer con- 
struction which would involve dead spaces was discarded, and 
a simple battery of open glass manometer tubes was used. The 


4 
ee 
\- 
fatal 
| 
4 
e 
| 


A-102 


total height of the manometer structure being 21 feet, a series of 
four tube members connected by regulating valves to a line 
leading from the flange were used. A general view of the appa- 
ratus is given in Fig. 6. 

Work was started initially with the 5-ft pipe. Later, to 
obtain larger slopes, the 2-ft pipe was introduced. No dis- 
crepancy was discovered between results obtained on one or the 
other pipe. The size of the shot used, per cent porosity, diameter 
ratios, and volume ratios are given in Table 1. 

At least two entirely independent runs were made for each 
caliper of shot, meaning that in each case the pipe was emptied, 
filled again and the porosity factor determined anew. Every 
precaution was taken to fill the pipe as uniformly as possible, the 
usual procedure being to close one end of the test tube with a 
flange and fill the pipe standing, after which the respective elbow 
was attached and filled. The pipe was then turned and the 
other elbow attached and filled. The porosity was determined 
by measuring the volume of water which would fill a standing 
pipe with the bottom flanged. As a check, the weights of the 
pipe filled with dry shot and then with the added water were 
taken. During the tests the air was blown out repeatedly. Only 
such runs which would give coinciding results were accepted for 
final interpretation. Usually a setup would be worked upon 
for several days, the checking and rechecking being made parallel 
with observations in order to control possible disturbances caused 
by the presence of air. In determining the kinematic viscosity 
the authors were guided by the temperature of the outflowing 
water. 


RESULTS AND INTERPRETATIONS OF THE TESTS 


The main results are assembled in Figs. 7, 8, and 9 in which 
both the bulk and reduced values of the resistance coefficient 
¥y are plotted in natural and logarithmic coordinates. The 
bulk values feature a considerable degree of scattering, which 
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is naturally anticipated due to the variation of porosity. The 
reduced diagrams based on Equations [4], [5], [6], and [19] 
manifest a much improved unity, the points grouping themselves 
into a comparatively thin “ribbon,” the width of which reflects 
the inevitable variety in the framework structure, the lack of 
homogeneity and the possible effects of small air pockets. In the 
following discussion, unless specifically mentioned, reference will 
be made only to the reduced diagrams. 

The plotting in natural coordinates, as shown in Fig. 7 discloses 
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in a striking way the existence of two main zones. One, a zone 
at very small values of the Reynolds characteristic, in which the 
resistance coefficient drops precipitously from values of the order 
of ¥, = 5000 to a range of ¥, < 10; and, second, a zone in 
which y changes very slowly. In fact, beyond a short transition 
section, the ¥ curves appear nearly horizontal. 
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Fig. 


The first zone is that of viscous flow, exemplifying the Darcy 
type of motion, while the range with the slow variation of ¥ 
corresponds to resistance of the form type. Between lies a 
zone of transition with a gradually declining réle of viscosity 
and a rapid increase of the influence of inertia agencies. Atten- 
tion is drawn to the general resemblance of the ¥ curve with that 
featuring the drag coefficient for a sphere (10). 

The situation is further clarified by the logarithmic charts in 
Figs. 8 and 9. In the viscous region the points are well within 
a narrow band inclined at 45 deg. The average line as drawn 
in Fig. 9 corresponds to 


which is in accord with Equation [17]. 

The vindication of the Darcy law, manifested thus by the 
experiments, is particularly satisfactory if one bears in mind 
that the Stokes motion model with its neglecting of the inertia 
forces, is essentially an approximation, based on a quantitative 
appreciation of the relative réle of the viscous and inertia agencies. 
Strictly, that really means there can be no linear resistance law 
and that the exponent in Equation [10] shall always be, even if 
very slightly above n = 1. However, for low R values the dis- 
crepancy is so small that a simple and broad qualitative charac- 
teristic of the pattern, answering the Darcy resistance law, is 
fully justified. This view finds further confirmation in Fig. 10 
which is a logarithmic chart of the product Ry, a function so 
usefully introduced by Lindquist. For a viscous type of motion 
with n = 1 the product 


in view of Equation [17] is a numerical constant and should be 
represented by a horizontal line. For higher exponent values, 
in view of Equation [16] 
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horizontal portion with the average weighted value of C, = 710. 
The average line as drawn would indicate further that curvature, 
manifesting the influence of inertia forces, becomes apparent 
near R, > 5. However, at least, until R, = 10 the deviation 
from the straight line is small and under all circumstances well 
within the range of the natural and seemingly unavoidable 
experimental discrepancies exemplified by the scattering of the 
points. 

The variation of the exponent value in Equation [10] is also 
made clear in Fig. 11, where observed pressure slopes are loga- 
rithmically plotted versus the reduced porosity velocity U, as 
given by Equation [4]. 

Besides the range of viscous flow with tga = n = 1, Fig. 11 
points to a zone with an n = const = 1.8 for the higher range 
of velocities and shot calipers. Accordingly, in Fig. 9 for the 
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zone of R, > 500 the y, points follow a line, numerically exem- 
plified by 


In similar fashion in Fig. 10 we have 
[29] 


Obviously, the apparent constancy of the exponent is an 
approximation. If experiments were extended to higher ranges, 
the observed power of n would probably increase, and gradually 
approach n = 2, 

; F or Reynolds’ numbers between 5 and 500, the experiments 
indicate transition forms, the rate of increase of the exponent 
being sufficiently rapid to militate against exponential expres- 
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sions of the type of Equation [16]. If analytical expressions for 
the resistance coefficient were to be sought in this region, recourse 
would have to be taken to binominal expressions such as Equa- 
tion [9]. 

Lindquist (11) whose work is particularly outstanding among 
the latest investigators, suggested the relation 


(Ry), = C, + C.R, = 2500 + 40R,.......... [30] 


to represent the results of experiments with an average porosity 
of 0.38 and within a range of 4< R,< 185. In terms of reduced 
values with (¥R), = (WR),a’ ‘‘and R, = R, the Lindquist 
Equation [30] would take the form of 


(RY), = 688 + [31] 


the respective range being 5.5 < R, < 255. 

In the light of Fig. 10, it becomes evident that Lindquist’s 
equation belongs essentially to the transition zone. Fig. 12 
shows further, that when the ¥R values are plotted in natural 
coordinates, the viscous zone is obliterated. To reveal it, 
recourse must be taken to logarithmic plotting. On the other 
hand, Lindquist’s initial value of (C:), = 688 is in close accord 
with the value C = 710 in Equation [17], obtained in the experi- 
ments reported in this paper. 

In Fig. 13 there are separately plotted certain bulk experi- 
mental points with a porosity near to 0.38. The points follow 
well Lindquist’s line, Equation [30]. On the other hand, Fig. 12 
indicates that for larger porosities the grade of the yR bulk 
plottings is generally less steep. The reduced plotting 
(¥,R, versus R,) in Fig. 12 features the Lindquist line given by 
Equation [31] as an outward tangent to the initial curve. The 
curve becomes very flat as R, increases. In fact, for the region 
of form resistance (R, > 500), one could use an approximate 
linear relation 


Darcy’s FILTRATION COEFFICIENT 


It is essential to establish the proper correlation between 
Equation [17] and the Darcy filtration law given by Equation 
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[8]. A later form, which takes into account the varying size 
of the particles, is 


the thought being that in this form the filtration coefficient may 
show more stable numerical values. In fact, the average Euro- 
pean practice is summarized into a thumb-rule value in centi- 
meter measures of K’ = 40 (em-sec)~! (12). while Allen Hazen’s 
findings with looser assemblages according to Forcheimer (9) 
feature K’ = 116 (cm-sec) —!, 
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From Equation [15] one obtains for bulk flow 


S = (U,/8K") = y¥,(1/8) (U,2/2g)............ [34] 
so that 


= 29/5U 
For the viscous zone with y, = (C/R), one has 


and in terms of reduced parameters, taking into account _the 
porosity 
K’ = (2g/»)(a‘*/C,) 


For the foot-second system with C, © 710, the final formula is 
K’ = 0.09 (a‘/*/v) [37] 


To compare the order of the filtration coefficient, given by 
Equation [37] with the range of observed values for natural 
sands, one may compute K’ for certain limiting conditions of 
porosities and kinematic viscosities. 

Thus assuming a to vary between 0.35 and 0.50, with a tem- 
perature change from 35 to 80 F, one obtains from Equation [37] 

K'max = 0.09 (0.54 /3/0.935) 105 = 3820 (ft-sec) 

K'min = 0.09 (0.354/3/1.8) 105 = 1230 (ft-sec) — 
or, in centimeters, K’ measures between 125 and 40.5, respec- 
tively. This is in good accord with the European and American 
data quoted previously. 

In practice Equation [37] may be safely used up to R, = 10 
or to R, = 10a’’*. Its accuracy is within the range of natural 
discrepancy, characteristic of flow through granular media. 
Possible deviations of 15 per cent should not be considered as 
excessive. In marginal computations 15 per cent could be 
confidently added to or subtracted from figures obtainable from 
Equation [37]. 

The numerical coefficient given in Equation [37] applies to 
media consisting of spheres of equal diameters only. For 
natural media with particles of differing forms, an eventual shape 
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factor will have to be introduced. The possible disclosure of 
the effect of shape is left to future research. 
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Recent Developments of the Theory 
of Turbulence 


By HUGH L. DRYDEN,' WASHINGTON, D. C. 


A brief account is given of the principal concepts which 
have been utilized in the formulation of theories of the 
turbulent motion of fluids prior to 1935 and the new ap- 
proach originated by G. I. Taylor in that year. 

A bibliography of 31 papers is included. 


sixty years ago the theory of the turbulent motion of a 

fluid has been of interest to scientists and engineers. The 
engineer in his daily experience observed the irregular motion 
of water in eddying masses and some knowledge of the laws of 
this motion was a requisite to his professional success. The 
scientist found the problem a knotty one and some of the fore- 
most intellects of the last half century have attempted to solve it 
with indifferent success. Its challenge still stands, and its satis- 
factory solution still awaits that “happy idea” of which von 
Kaérmén once spoke, for even the most suitable fundamental 
concepts have not yet been crystallized. 

Recently the attack has turned in a new direction under the 
leadership of G. I. Taylor, and some understanding of the nature 
of this new attack should be of interest to every engineer. It 
has seemed worth-while to attempt to survey the situation for 
those who are too busy to read the ever-increasing literature, 
which is often highly technical. 

As a preliminary it is desirable to review the essential physical 
content of a theory of fluid motion in terms of classical physics. 
The basie ideas are simple, although their full development for 
the general case may appear terrifying. The starting point is 
the description of any motion by Newton, namely, that the 
product of mass by acceleration is equal to the resultant applied 
force. In the case of a continuous fluid, this description is ap- 
plied to a small volume of fluid in the neighborhood of any given 
point. The applied forces are (a) gravitational forces and (6) 
the stresses at the boundary between the small volume of fluid 
and the surrounding fluid. A theory of fluid motion is then funda- 
mentally a theory of internal stresses in a fluid. 

The Navier-Stokes equations, which accurately describe the 
laminar flow of fluids, represent the generalization of a simple 
theory of Newton for unidirectional two-dimensional flow, i.e., 
a flow in one direction in which the magnitude of the velocity 
varies in some direction perpendicular to the direction of flow. 
The tangential shearing stress per unit area between two adja- 
cent layers was assumed by Newton to be proportional to the 
velocity gradient, the constant of proportionality being a physi- 
cal constant of the fluid called the viscosity. The existence 
of a normal stress, called the pressure, had been recognized 
earlier. In the extension of this simple theory to three-dimen- 
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Se the days of Boussinesq and Reynolds more than 


sional flow of a homogeneous fluid, the stress becomes a stress 
tensor and the velocity gradient is replaced by a displacement 
tensor, but the tangential components of the stress tensor are 
still assumed to equal the product of the viscosity and the corre- 
sponding components of the displacement tensor. 

In order to simplify the discussion, the simple unidirectional 
two-dimensional flow studied by Newton will be used as a basis 
for the discussion of the several theories of internal stresses in 
turbulent motion. Thus, the theory of laminar motion will be 
described by tr = yw (du/dy), where 7 is the tangential force per 
unit area or shearing stress, » is the viscosity, and du/dy the ve- 
locity gradient. The existence of the normal stress, which 
usually differs but little from hydrostatic pressure p, is common 
to all the theories, and this component will receive no further 
consideration. The foregoing formula contains the distinctive 
content of the theory so far as basic concepts are concerned. 


DEVELOPMENT OF TURBULENT-MoTIon THEORY Prior To 1935 


Within the basis for discussion just described, the progress of 
the theory of turbulent motion can be briefly summarized. The 
high-lights are given in Table 1, which gives the values assumed 
for the turbulent shearing stress to be added to the laminar 
shearing stress. 

TABLE 1 DEVELOPMENT OF THE THEORY OF TURBULENT 
MOTION PRIOR TO 1935. 


Concept Originator Date Assumption as 
to turbulent 


shearing stress 


Eddy viscosity Boussinesq 1877 r=. 
Eddy stresses Reynolds 1895 T= —gue’ 
Similarity von Kérmén 19330 


It will be noted that the first advance was the introduction 
of the same form of expression as occurs in the laminar theory 
but with a different constant e designated the “‘mechanical”’ or, 
more commonly, the “eddy” viscosity. By experiment the 
eddy viscosity is found to be not a property of the fluid but 
dependent on the circumstances of the motion and much larger 
than the ordinary viscosity 4. While this concept has been 
found useful in the discussion of large-scale meteorological and 
oceanic problems, it cannot be regarded as satisfying the needs 
of an adequate theory. 

Reynolds was the first to examine the details of turbulent 
motion. He observed experimentally the large fluctuations 
and irregularity of the flow and developed a theory in which the 
flow was regarded as consisting of a mean steady motion on 
which were superposed velocity fluctuations. In our simple ex- 
ample the components of the fluctuation may be designated by 
u’ for the component in the direction of the mean flow and v’ for 
the component at right angles. Reynolds showed that the only 
modification of the theory of laminar motion was the introduc- 
tion of additional stress components, the tangential component 


for unidirectional mean flow being — p u’v’ where p is the density 
and the bar denotes a mean_ value. If u’ and v’ were perfectly 


random, the mean value u’v’ would be zero. For the existence 
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of a shearing stress there must be a correlation between u’ and 
v’. While Reynolds’ theory enables us to understand how the 
large shearing stresses arise, it does not yield a solution of the 
problem in the absence of information about the fluctuations. 

In 1925 Prandtl introduced the concept of mixing length, a 
quantity analogous to the mean free path of the kinetic theory 
of gases. For unidirectional flow the turbulent shearing stress 
du|\d 


is taken equal to pl? dy ra where | is the mixing length. This 


assumption is equivalent to setting the eddy viscosity equal to 


pl? Ft Since there is no information as to the magnitude of J, 
it appears that no progress has been made. However, at large 
Reynolds numbers, the mixing length is independent of the 
magnitude of the velocity, and simple assumptions as to spatial 
distribution give reasonably accurate results for the velocity 
distribution. In the applications of the theory, the mixing length 
is not directly observed. It appears as a fictitious length, whose 
value is determined from observations on the distribution of 
mean velocity. 

In Prandtl’s theory, the fluid masses corresponding to the 
gas molecules in kinetic theory were assumed to conserve their 
momentum during their motion. G. I. Taylor advanced a simi- 
lar theory with the difference that the vorticity remains con- 
stant during the motion of a fluid mass, the momentum being 
modified in its journey. This theory is most conveniently sum- 
marized by giving the value of dr/dy (Table 1). Relative merits 
of the two theories have not yet been definitely established. 

A further advance was made by von Karman by means of the 
principle of similarity. For the case of unidirectional two-di- 
mensional flow with constant shearing stress, he succeeded in 
obtaining an expression for / in terms of the mean flow, namely, 


du ;d*u 


l= — / — |where kisa universal numerical constant. The 
dy’ dy? 


expression fails in those regions where du/dy or d*u/dy? is zero. 
While von Kérman derived the formula on the assumption that 
the flow patterns of the fluctuations at different points were 
similar at a given instant, Dedebant, Schereschewsky, and Wehrle 
(22)? showed that only statistical similarity is required. 

The extension of the theories just mentioned to three-dimen- 
sional flow is difficult and there are often several possibilities. 
In many cases the extension has been made by analogy or by 
sheer intuition. Thus, von Kérmdn applies the result derived 
for constant shearing stress to a flow with variable shearing 
stress and passes from two-dimensional to axial flow by a com- 
bination of plausible inferences with dimensional reasoning. 
The formulas obtained in this manner have been of inestimable 
value to hydraulic and aerodynamic engineers. One is inclined, 
however, to characterize the content of the theories as advanced 
empiricism, although such a characterization does not do justice 
to the value of the contributions. The results have amply 
justified the methods, and the methods are the methods of genius 
with insight into the essentials of the phenomena. 

An excellent summary of the applications of these theories 
and their contribution to engineering is given by Bakhmeteff 
(5). Some idea of the imperfections may be obtained from 
Goldstein’s critical discussion of the similarity theory of turbu- 
lence (17). 

Along with the more or less empirical theories, notable at- 
tempts have been made to attack the problem by the methods of 
statistical mechanics. The names of von Kd4rmé4n, Burgers (19), 
Tollmien (21), and Gebelein (24) may be mentioned as contrib- 
utors along this line. The results of the abstruse mathema- 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tical calculations are physically not yet satisfactory, and no at- 
tempt will be made here to describe the concepts. A review of 
this line of attack is given by Trubridge (19). 


DEVELOPMENTS SINCE 1935 


The more recent developments of the theory of turbulence 
have been stimulated by the intensive development of experi- 
mental methods for the study of turbulent flow, in particular 
for obtaining records of the variation of velocity with time and 
for measuring various statistical properties of the fluctuations. 
The statistical properties which have been studied most are the 
intensity of the fluctuations and the correlation between fluctua- 
tions at neighboring points. The mathematical definition of 
the correlation factor R between the fluctuating speed u, at a 
point P; and the fluctuating speed uw, at a neighboring point P, 


where the bars denote time averages. The significance of the 
correlation factor can perhaps best be grasped by the aid of Fig. 1. 
Each individual record is a copy of an actual oscillogram of the 
variation of speed with time in a turbulent air flow. In the first 
group are two identical records copied from the same oscillo- 
gram. Had such records been secured at two neighboring 
points, the correlation would have been perfect, and the cor- 
relation factor would be unity. The next group shows copies 
of records published by Burgers and obtained with two instru- 
ments at points 1 cm apart. There is a moderate degree of cor- 
relation. The lower group shows two records taken at different 
times showing a correlation factor of substantially zero. 

Fortunately it is not necessary to take oscillograms and make 
laborious computations to obtain the value of the intensity or of 
the correlation. By the aid of hot-wire anemometers and as- 
sociated electrical circuits, measurements can be made rather 
simply, once the rather expensive electrical equipment is at hand. 

With this and other equipment, it has been shown that the 
fluctuations at a point in turbulent flow exhibit no regularity 
with time but are random, the number of times a given ampli- 
tude of fluctuation occurs during a long time interval being dis- 
tributed according to the normal error curve. In this respect 
the turbulent flow differs from the more or less regularly periodic 
flow in the von Kaérm4n vortex street. It has also been shown 
that the mere existence of fluctuations does not characterize 
the flow as turbulent, since fluctuations are also found experi- 
mentally in regions of laminar flow. The laminar fluctuations are 
usually of lower frequency than the turbulent fluctuations. 

Along with the experimental advances have come advances 
in the theory, utilizing the concepts just outlined. The theory 
now appears to be laying hold of the fundamental phenomena, 
namely, the fluctuations themselves. The new approach has 
not at present advanced to the point where it can replace the 
older methods of attack; nevertheless, the outlook is favorable. 

The new theoretical approach was inaugurated by Taylor (26). 
Taylor introduced a number of new ideas: 

1 The concept of isotropic turbulence, defined by the condi- 
tion that the mean value of any function of the velocity com- 
ponents or their derivatives is unaltered by rotation of the axes 
of reference. 

2 Methods of defining the scale of turbulence by means 
of correlation measurements. 

3 The concept of a state of microturbulence responsible for 
the dissipation of energy existing along with the state of macro- 
turbulence responsible for diffusion and for the effects of tur- 
bulence on boundary layers. 

4 The concept of a length characteristic of the microturbu- 
lence. 


is expressed by R 
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The theory of isotropic turbulence is of immediate application 
to the decay of turbulence in a wind tunnel behind a honey- 
comb or turbulence screen. For this case the scale of the tur- 
bulence can be obtained from measurements of the correlation 
R, between the fluctuations at two points distant y apart for 
various values of y. A curve of R, against y, which falls from 
R, = lat y = 0 asymptotically to R, = 0, represents from a 
statistical point of view the variation of the speed with distance 
at a given instant, and the area under the curve may be taken 
as a statistical measure of the “‘average size of the eddies” or 
the scale of the turbulence. Numerous measurements of the 
scale as well as intensity under different conditions are described 
in Technical Report No. 581 of the National Advisory Com- 
mittee for Aeronautics (27). 

Taylor describes a method of defining a length characteristic 
of the size of the smallest eddies present, another statistical con- 
cept. This length \ is defined in terms of the curvature of the 
R, curve at y = 0 and a proof is given that the rate of dissipation 
of the turbulence is equal to 15 wu’?/d? where yu is the viscosity 
and u’ is the intensity of the turbulence (root-mean-square 
value of the velocity fluctuations at a point). By considering 
the dissipation from the macroscopic point of view, Taylor finds 
that » is related to the scale L by the formula \2/L? = Cyu/pLu’, 
where p is the density and C is a numerical constant. On the 
foundation of these ideas, he computed the law of decay and the 
law of diffusion in a turbulent air stream. The experimental 
data available at the time were in good agreement with the re- 
sults of these computations. An incidental assumption, made 
in the absence of experimental data at the time, that the scale 
of the turbulence is proportional to the scale of the turbulence- 
producing device and is constant along the stream has not been 
found correct, although there is still some controversy as to 
whether the increase in scale downstream is or is not caused by 
departure in the experiments from the assumption in the theory; 
namely, that there is a single source of turbulence. In the ex- 
periments, there is always some turbulence in the air stream 
before the introduction of the turbulence screen. 

With the definitions adopted for \ and L, the ratio \/Z is in 
most of the experiments described of the order of 0.2 to 0.8. 
Even with allowance for numerical factors introduced by other 
possible modes of definition, this fact does not lend much support 
to the idea of microturbulence and macroturbulence existing 
together. It seems more likely that \ and L correspond simply 
to two different ways of looking at the same phenomena. 

Thus, assume that small fluid particles moving with respect 
to one another give rise to the observed velocity fluctuations, 
that the average velocity of the fluid masses with respect to the 
mean velocity may be identified with u’./3, and for purposes of 
illustration that the particles are spherical and of radius L. 
First, assume a resistance proportional to the square of the speed 
with resistance coefficient 0.5. The decrease in u’ is then given 
by the relation 

4 d(u'/3) 


3 dt lu! (1) 


Next assume a resistance obeying Stokes law, and designate 


the radius of the spherical particles by \, or 


4, 


Then, the relation between \ and L is 


= [2] 


This whole picture is crude and incorrect in detail but sug- 
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gests that A is a statistical measure of the size of fluid particle 
necessary to account for the dissipation by viscous forces, and 
L is a statistical measure of the size of fluid particle necessary to 
account for the dissipation by inertia forces. 

In February of this year von Ka4rm4n published (29) a general 
theory of isotropic turbulence and a new theory of turbulent 
shear motion. The correlation factor was generalized to a cor- 


relation tensor function with components R;, = (u; u,’)/u?, 
where ui is any one of the three components of the velocity 
fluctuation at a point P, and u,’ is any one of the three com- 
ponents at P’ distant r from P. In isotropic turbulence, the 
tensor is fully determined by two principal correlation factors: 
R, the correlation between the components of the velocities at 
P and P’ in the direction of the line joining the points, and R, the 
correlation between the components normal to the joining line. 
By means of the equation of continuity it is shown that r(dR,/dr) + 
2(R, — R.) = 0, and hence the tensor is fully determined by one 
scalar function of r; for instance, R,, the same as Taylor’s R,. 
By means of the equations of motion, von K4rmén proceeds 
to derive a differential equation for the correlation tensor. This 
equation is then applied to predict the change in shape of the 
correlation curve with time and the law of decay. The pre- 
dictions as to the change of shape of the correlation curve are 
not borne out by experiment. The difficulty has been traced 
to an assumption in the analysis that terms in the expression 
for the inertia forces involving triple correlations are zero. It is 
to be hoped that von K4érm4n and his coworker, Howarth, will 
be able to carry through the analysis without that assumption. 
A very different type of theory is advocated by K. Takahasi 
(25). Viscosity is neglected, but the fluid particles are supposed 
to be subjected to an irregularly varying force imposed by neigh- 
boring particles and a resisting force proportional to the velocity 
of the particle. The irregularly varying force f is assumed to 
have a mean value of zero, not to exhibit correlation between 
values at different times or places, to be statistically independent 
of the pressure and speed, to show no correlation between com- 


2 
1 
ponents, and to satisfy the relation “ai ( - f w) = Qt, with 


alimit At = 0. In isotropic turbulence, Q is a scalar independent 
of the coordinates, but in general may be a vector function of 
the coordinates. In other words, the theory is analogous to 
the theory of the Brownian movement. 

For isotropic turbulence Takahasi (25) proves that the fluc- 
tuations are distributed according to the error law, that the 
correlation between the speed at £ = 0 and ¢ = ¢ is equal to e™, 
where k is the constant by which the velocity is multiplied to 
give the resisting force, and that the mean-square value of the 
velocity is equal to Q/2k. In the absence of the resisting force, 
the mean-square value would be infinite. 

Since the equation of motion of a perfect fluid is used, this 
theory cannot treat the problem of the dissipation of the tur- 
bulence. It does, however, provide a mechanism for computing 
the diffusion of matter or heat in uniform turbulence. 

A still different group of concepts can be applied, namely, 
those familiar in the classical theory of light and heat waves. 
The fluctuations shown in Fig. 1 while in the form of an alter- 
nating electric current may be passed through electric filters, 
which perform the same function as a spectrometer in analyzing 
optical radiation. Some crude experimental attempts of this 
character have been previously described by the author (27), 
and a theory of isotropic turbulence utilizing these concepts was 
published recently in the Journal of the Aeronautical Sciences (30). 
The author, on sending a manuscript copy to G. I. Taylor, as- 
certained that experiments were in progress with electric filters 
in England and that Taylor had worked out the theoretical re- 
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lation between the energy distribution and the correlation. 
sumably these relations will soon be published. 

In the theory of isotropic turbulence set forth by the author, 
it was assumed that the energy distribution tends to a definite 
statistical specification dependent on the law of dissipation. 
If the law of dissipation were known, this assumption would 
provide a method of computing the energy distribution and of 
predicting the law of decay of the total energy and the change 
in the scale of the turbulence with time. When the dissipation 
is assumed to be due to viscosity alone, the law of decay ob- 
tained agrees with experiment only if the reference wave length 
(introduced to give a nondimensional variable), is identified 


Pre- 


PERFECT CORRELATION 


MODERATE DEGREE OF CORRELATION 


LOW DEGREE OF CORRELATION 


Fie. 1 


with a multiple of Taylor’s 4, and does not agree if identified with 
the correlation distance ZL. When the dissipation is assumed 
to be due to stresses proportional to the square of the velocity, 
the law of decay agrees with experiment if the reference wave 
length is identified with L. The two laws of decay are in agree- 
ment if \ and L are connected by the relation given by Taylor, 
namely, \?/L? = Cyu/pLu’. 

These brief summaries give some idea of the new direction 
toward which the theory of turbulence has turned. We are still 
searching for the best concepts by means of which the complex 
phenomena may be grasped. As von K&rmén stated in his 
Wilbur Wright lecture, every worker in the field is making a 
theory of turbulence. 
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The Use of Rubber in Vibration Isolation 


Including the Case of Six Degree of Freedom Systems 


By E. H. HULL,' SCHENECTADY, N. Y. 


The desirable properties of an elastic material applicable 
to many types of vibration-isolation problems are outlined. 
Of those materials at present available, rubber appears 
most suitable for this type of work. The genera! elastic 
properties of rubber are discussed and data given for de- 
termining the stiffness of pads made from one particular 
compound. Equations are developed for the six natural 
frequencies and associated modes of vibration of a mass 
supported on elastic pads and examples of vibration iso- 
lation worked out using this theory. 


which no external forces or torques are applied, for which 

elastic supports for vibration isolation must be provided, 
often after the machine is designed and built or occasionally 
after installation. A mounting material is required which in some 
simple form may be placed under an apparatus, with which diffi- 
culty is experienced, to prevent noise and vibration from passing 
either to or from the foundations. 


feos IS a large variety of miscellaneous apparatus on 


CHOICE OF MountTING MATERIAL 


A partial list of requirements for such a material follows: (a) 
it must be easily applied; (b) it must be adaptable to different 
types of problem; (c) it must occupy little space; (d) its cost 
must be low; (e) it should not be easily injured; (f) it must have 
satisfactory life; (g) it must behave elastically, not plastically; 
(h) its elastic properties must be constant and predictable. 

After investigation of several possible materials (1)? rubber 
was chosen as best fitting the present needs just outlined. The 
reasons for this choice are given in the following discussion in 
which the lettered headings refer to the list of desirable qualities. 

(a, b, c, d) Rubber satisfies these specifications particularly 
well. Four pads of the correct size, furnished at a very small 
material cost, will solve many vibration-transmission problems, 
such as that encountered in the motor-compressor set shown in 
Fig. 1. A small stock of 1 in. and possibly 2-in. rubber sheet 
may be cut to size to fit any one of many different applications. 
The cost of rubber per pound is low and since a one-ton machine 
requires only 1.2 lb of rubber in a typical case, the total material 
cost remains low. In many instances, installation is very simple 
since the apparatus need be lifted only far enough to slip the rub- 
ber pads under the base where they will be compressed between 
a flat horizontal surface of the machine and the floor. Rubber 
may be used in compresssion up to 80 or 90 Ib per sq in. if neces- 
sary to obtain sufficiently low natural frequencies. 

(e) Rubber is not easily injured mechanically or by water or 
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vegetable oils. Mineral oils and some solvents such as naphtha 
attack it readily. Protection from dripping oil can be provided 
by telescoping covers as shown in Fig. 2, or by a pliable coating 
such as flexible glyptal lacquer applied by dipping and oven dry- 
ing. The fact that rubber is widely used in automobile-engine 
mountings (2) is ample indication that it can be protected from 
incidental oil and grease. A plasticized shellac has been used as 
an oil protecting coating in this type of mounting (2). 

(f) Satisfactory life in rubber can be obtained by including 
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antioxidants in the compound (3). Oxygen bomb tests with 
tensile tests before and after, indicate long life for some com- 
pounds. Oxidation in rubber takes place from the outside pro- 
gressing slowly inward therefore in designing rubber supports 
one must provide reasonable volumes of rubber avoiding very thin, 
sections exposed to air. Rubber ring mountings for fractional- 
horsepower motors made seven years ago show an oxidized sur- 
face skin less than '/¢ in. thick, leaving the torsional stiffness of 
the ring practically unchanged. 

(g) An elastic mounting material used in compression should 
show a minimum of drift, i.e., loss of thickness with time under 
load. A steel spring moderately loaded will give practically zero 
drift while most nonmetallic materials drift considerably under 
load (1). Kimmich (4) states that “rubber possesses a combina- 
tion of elasticity and a small degree of plasticity.” For per- 
manency in an installation a rubber compound must produce a 
minimum amount of plastic flow. Cold flow tests (5) are used to 
obtain relative data on this property in short time measurements, 
usually 24 hours. In order to predict the behavior of rubber in 
elastic mountings under operating conditions we have made drift 
tests on apparatus as sketched in Fig. 3. Samples of material 1 
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in. thick were prepared by adjusting their area until a vertical 
natural frequency of 30 cps was obtained when supporting a 117- 
lb weight vibrated vertically by a magnet excited from a variable- 
frequency a-c source. This procedure insured that all samples 
were brought to the same dynamic stiffness in compression. A 
sample of rubber showing a Shore-durometer hardness of 35-40 
and adjusted to the required dynamic stiffness by this method 
is about 1 X 4 X 4in. These samples were loaded to 960 Ib in 
the drift-testing apparatus by means of a lever and weight acting 
through a small steel ball resting on the center of a metal plate 
a, Fig. 3, covering the specimen. 

The thickness of the specimen plus the ground cover plate, a, 
is measured periodically at the four corners with a special form 
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of micrometer. An average of these readings minus the thickness 
of the cover plate indicates the drift of the specimen. A set of 
six of these machines is installed in a room maintained at 100 F 
since the thermal expansion and contraction in the rubber due to 
small temperature changes is greater than the thickness differ- 
ences due to many days of drift. 

._ Samples of various rubber compounds show large differences 
in drift rate, 6 to 100 mils or more per inch of thickness per year 
under the above test conditions. Fig. 4 shows the drift curve for 
rubber sample B, a typical example of several excellent rubber 
compounds. It will be noted that the rate of 6.42 mils per year 
measured at 730 days is decreasing with time. These low drift 
rates indicate sufficiently low plastic flow. 

Actually the small amount of internal damping in rubber is 
useful in that it reduces amplitudes while passing through mount- 
ing resonances, and prevents, in the elastic medium itself, reso- 
nance similar to the surge experienced in internal-combustion en- 
gine helical valve springs. Yet this damping is not sufficient to 
seriously increase the transmission of vibration through a properly 
designed mounting (1). 

(h) The essential feature in elastic-mounting design is correct 
stiffness. In this respect rubber exhibits several interesting 
peculiarities. It is very nearly incompressible volumetrically, 
the bulk modulus of one sample tested being 300,000 to 400,000 
ib per sq in., depending on the pressure. This indicates that the 
stiffness of a block of a given thickness will depend on factors 
other than the area, such as shape (4, 6). Also the stiffness of 
a block of rubber compressed between two dry flat surfaces is 
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higher when measured dynamically than when measured stati- 
cally. The opportunity for creep between the compressing sur- 
face and the rubber, under static conditions may be a contributing 
factor to this effect. This suggestion is substantiated by the fact 
that when the compressing plates are lubricated, with castor oil 
for instance, the normally higher dynamic stiffness approaches the 
static stiffness. 

In elastic-mounting work we are mainly interested in the 
dynamic stiffness of a pad compressed between dry flat plates, 
therefore all stiffness measurements reported here are made under 
these conditions. In order to make one set of data for a rubber 
compound applicable to a large number of installations, a ratio 
called shape factor is used, which is defined as 


area of one loaded surface 


—* total area of free surfaces 
Measurements for shape factor of the pad in question are made 
in the undeflected condition. Since the pads used in normal ap- 
plications are approximately square, the following data are for 
pads of that shape. If the length of a block becomes much greater 
than the width, the stiffness will be less than that given by the 
results submitted here. 
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To determine the dynamic modulus of pads in compression the 
vertical natural frequency of a weight entirely supported by 
blocks of various shape factors was obtained. This was accom- 
plished by placing a rather large pad of rubber having a high 
shape factor under the center of a weight which was guyed by 
horizontal wires to prevent tipping. On top of the weight was 
an unbalanced variable-speed motor with which the vertical natu- 
ral frequency of the system could be excited. A simple calcu- 
lation using 


in which 


natural frequency, cycles per sec 
k = dynamic stiffness of the rubber, lb per in. 
Ib sec? 


M = mass supported by the rubber, 


gives the dynamic stiffness of the pad for these test conditions. 
The amount of weight supported by the pad was also changed, 
giving the stiffness for various unit pressures. The rubber pad 
was then removed, and cut into quarters thereby changing the 
shape factors. These four quarters were replaced under the 
weight slightly separated so that they would not interfere when 
bulging under load. Repetitions of the above procedure produced 
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the data from which Fig. 5 is plotted. These particular data are 
for compound-B rubber on which drift-test results are reported. 
To use Fig. 5 in determining the dynamic stiffness in compression 
for a pad of this rubber, find the shape factor, enter the curve on 
the abscissa with this shape factor, run up to the unit pressure 
at which the pad will be used and read the modulus from the 
ordinate. Then the dynamic stiffness in compression for a pad 
is given by 


dynamic modulus X area 


k = 
thickness 


It is also useful to know the dynamic shear modulus for rubber 
as a function of shape factor and unit pressure. A series of pairs 
of J-in. rubber blocks of various shape factors were calibrated in 
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compression on a standard testing machine for deflection with 
various unit pressures. These pairs were then set up in the test- 
ing arrangement shown in Fig. 6. A plate on which is attached 
an unbalanced variable-speed motor is clamped between the two 
samples S set in a vise secured to a rigid foundation. After the 
vise jaws were turned up until the deflection of the sample indi- 
cated that the desired unit pressure had been obtained, the motor 
speed was varied until the dial indicator J showed maximum 
vibration vertically. At this point the mass of the motor and its 
support were in resonance on the two rubber pads in shear. 
Again Equation [1] is used to determine the dynamic shear stiff- 
ness of this pair of blocks. Fig. 7 was plotted from data taken 
at different pressures for the series of pairs having various shape 
factors. This curve is used in a manner exactly similar to Fig. 
5, the resulting dynamic shear modulus being used in the follow- 
ing expression to give the shearing stiffness for any pad. 


shear modulus X area 
thickness 


It will be noted from the curves, Fig. 7, that as the unit 


Shearing stiffness per pad = 
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pressure is increased on a pair of pads, the shear modulus de- 
creases contrary to expectation, since the thickness is decreased 
and the area increased. Actually the inherent instability of an 
arrangement as shown in Fig. 6 more than offsets the expected 
result, especially with blocks having low shape factors. In prac- 
tice rubber blocks supporting machines will show an apparent 
lowering of their shearing stiffness in the same manner. Such 
pads will be worked at constant load rather than at constant 
deflection as in the testing arrangement but for the small ampli- 
tudes used the resulting difference should be negligible. 

It is hoped that this consideration of the mechanical properties 
of rubber will indicate that it is a practical engineering material 
having predictable constants from which designs can be calcu- 
lated, provided it is used within its recognized limitations. 


GENERAL THEORY 


In order to use this information on rubber-pad stiffness in 
computing the natural frequencies of an elastically mounted mass 
it is necessary to have expressions for the six natural frequencies 
of such a system. Fig. 1 shows an arrangement of this type in 
which four elastic supports are placed symmetrically about the 
center of gravity when viewed from above. Using a method de- 
scribed by W. C. Stewart (6) and the symbols listed below the 
natural frequencies of this system are obtained as follows: 


CG = center of gravity of complete system 
X-X, Y-Y, Z-Z = 3 principal axes of system intersecting at C@ 
T,, T,, T, = torques applied about indicated axes, in-lb 
F, = applied foree along Y—Y axis, lb 
b,, b,, b, = distances to centers of rubber pads as shown in 
Figs. 8 to 10, in. 
x, y, 2 = linear deflections due to applied forces and torques, in. 
a, 8, y = angular deflections due to applied torques, radians 
= resonant frequencies of system, radians per sec 
I,,1,, 1, = moments of inertia of system about principal axes, 
lb in. sec? 


Ib sec? 
M = mass of complete system, ——— 
in 


k, = total dynamic compressive stiffness of elastic support in 
vertical direction, Ib per in. 

k, = total dynamic shearing stiffness of support in horizontal 
direction, lb per in. 

d,-d,; = distances along Y—Y axis from CG to intersection with 

nodal axis of resonance having same subscript, in. 


In the system shown in Fig. 1 the force F, applied to the CG 
of the suspended mass M will cause a deflection y. Summing 
forces in a vertical direction, neglecting damping, and solving 
for the steady state only, gives 


—F, — Myo + ky =0............ [4] 
F, 

5 

— Me 


Resonance will oceur when y is large, i.e., when ky = Mw? or 


To the same system apply a torque 7, which will cause the 
CG to move through the distances x and y and the entire unit to 
rotate through the angle y, as in Fig. 8. Summing forces and 
torques we have 


—Mzu? + kz — yb,k, = 0.......... [7] 


—T, — I ,yo? + + vk,b,? — = 0...[8] 
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Solving Equations [7] and (8] simultaneously gives 


~ + k,b,2M) + k,k,b,? 
— 


1,Mot — + k,b,2M + k,b, 


Resonance will occur when 


k 


k,b,? + k,b,? 
where A = 1, 


2M) + 


As before, apply the torque 7’, to the system with the resulting 
deflections shown in Fig. 9. 
—Mzw* + zk, — ab,k, = 
2T,, —T, — 1,aw* + + ab,*k, — 2k,b, = 0. . [13] 
Solving Equations [12] and [13] simultaneously gives 
T,b,k, 
z= 
T,Mot — w*(I,k, + Mk,b,? + Mb,*k,) + 
T — Mw?) 


~ 
— w(I,k, + Mk,b2 + Mb,2k,) + [15] 


Resonance will occur when 


+ k,b,? + b,*k, 

2M 

Applying the torque 7, gives the deflection shown in Fig. 10. 
ZT,—T, + 60," + 


B= [18] 


where B = 


—I,Bwt = 0...... [17] 


Resonance occurs when 


k,(b,? + b,?) 
[19] 


It might be suggested that this analysis has overlooked two 
natural frequencies in not applying horizontal forces to the cen- 
ter of gravity in the X- and Z-directions. However, in a system 
of this type in which the center of gravity does not lie in the same 
horizontal plane as the center of stiffness, it will be found on 
writing the equations for applied horizontal forces, that the same 
type of deflection will be produced by these forces as by the 
couples applied in the foregoing analysis, resulting in the same 
natural frequencies. 

The relative positions of the nodal axes for these six resonances 
are indicated in Figs. 1 and 9. Since the CG of this system is 
vertically above the center of stiffness the resonant vibration at 
w; and ws will be, respectively, linearly along and torsionally about 
the Y-Y axis. The positions of the remaining nodal axes can be 
determined as follows 
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Substituting Equations [9] and [10] in [20], and [14] and [15] 
in [21] gives the same result 


doy 3,455 = —**— 


where w is the numerical value of the resonant frequency for which 
the nodal axis is desired. 

The foregoing analysis neglects the effect of gyroscopic action 
on the natural frequencies of the system. This assumption is per- 
missible in the examples which follow but would introduce some 
error in calculating the mounting frequencies of apparatus having 
relatively large disk-like masses rotating at high speeds (8). 


SUGGESTIONS FOR GENERAL APPLICATIONS 


Having collected the required data for the rubber to be used 
in elastic mounting, a large number of vibration-isolation prob- 
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lems can be solved with the aid of the foregoing theory. Taking 
up first the type of support designed to prevent the transmission 
of vibration to the surrounding structure from a machine on which 
no external forces or couples act, it will be necessary to deter- 
mine the frequencies of vibration present in that machine. Then, 
knowing that the surface on which the machine is mounted is 
usually most sensitive to vibration in a direction perpendicular 
to itself (6, 7) the vertical natural frequency w; is computed from 
the desired transmissibility in this direction. For this purpose 
the expression for the transmissibility (1, 9) ¢ in a single de- 
gree of freedom system may be used by substituting w, from 
Equation [6] for w, in 


where w is the impressed frequency and w, the natural frequency 
of the system. Further, no one of the six natural frequencies of 
the system should coincide with any impressed frequency since 
resonance would result. If any impressed vibration is particularly 
large, the resonant frequency having a mode of vibration most 
nearly similar to that of the impressed vibration should be made 
low incomparison with the frequency of this impressed disturb- 
ance. 

In designing elastic mountings for the isolation of impacts 
(from punch presses for example) the mounting resonant fre- 
quency in the direction of the impact should be made as low as 
possible, the other resonant frequencies being arranged to avoid 
resonance with impressed frequencies arising in the suspended 
apparatus. 

In elastic suspensions designed to prevent vibration being 
transmitted to the elastically mounted apparatus, it is necessary 
to make the natural frequencies of the suspended mass as low as 
possible in the direction of the incident vibration. 

In general all connections to the suspended apparatus such as 
pipe and wiring, must be made flexible compared with the 
mounting stiffness. 

Many varieties of apparatus may be set on elastic supports 
consisting of four or more rubber pads, such as motor-generator 
sets erected on a common base, transformers and induction volt- 
age regulators, reciprocating and centrifugal motor-compressor 
sets, elevator traction motors, punch presses, microscope benches, 
galvanometers and sensitive balances. 


Speciric EXAMPLES OF ELAstic MOUNTINGS 


Elevator traction motors, although not exactly in the class 
of mountings considered here, as they are subjected to the ex- 
ternal force of the hoisting cables, constitute an interesting prob- 
lem in elastic mounting, since the total weight of the suspended 
unit cannot be considered as mass when calculating the vertical 
natural frequency of the unit on its support. Due to the large 
elasticity of the cables, the mass of the traction-motor set only 
can be used for this determination. Fig. 11 shows schematically 
one installation in which the traction motor, driving sheave, and 
idler sheave are carried by the same pair of I-beams, supported 
at their ends by rubber blocks. The weight of this equipment, 
10,950 lb, was used in determining the rubber-pad stiffness for 
the required vertical natural frequency of 12 cps. However, the 
tension in the hoisting cables connecting with the driving and 
idler sheaves increases the load supported by the rubber by 8660 
lb. Nevertheless, it was found possible to design four pads of 2-in. 
rubber averaging about 8 in. square which would carry this load 
without excessive pressure and drift. Since the four pads were 
not equidistant from the center of load on the machine, the total 
stiffness required was divided among the four pads in proportion 
to the total load carried by each. 


Various motor-compressor sets have been placed on vibration- 
isolating mountings consisting of four rubber pads. For example 
one unit similar to that shown in Fig. 1 weighing 650 lb was bolted 
to a 6-in-thick slab of concrete weighing 680 lb to increase its 
stability. The entire set was then mounted on four 1 X 21/3 X 
2'/,-in. rubber blocks placed under the concrete at the corners. 
There were four principal disturbing frequencies appearing in 
this set, namely, unbalance vibration in the motor at 29 cps, 
electrical disturbances in the same a-c motor at 120 cps and har- 
monies thereof, unbalance in the compressor crankshaft at 4 cps, 
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and vibration due to pulsating torque requirements of the four- 
cylinder compressor at 16 eps. 
21/4 X 

2 X 
0.547 and is loaded to 69.5 lb per sq in. Curve 5 gives 680 lb 
per sq in. as the dynamic compressive modulus for a block of this 
size or k, = 13,000 lb per in. for the mounting. Using the same 
shape factor and unit pressure curve 7 gives 77 lb per sq in. as 
the dynamic shear modulus or k, = 1470 lb perin. The moments 
of inertia of this set were calculated by determining the pcsition 
of its center of gravity from the weight and position of the com- 
ponent parts, then taking in turn the sum of the moments of 
inertia of the parts about each one of the three principal axes 
passing through the center of gravity of the system. The neces- 
sary constants of the system are 


Each of the pads used has a shape factor of 


Ib sec? 
Weight = 1330 lb Mass = 3.44 — 
in. 
I, = 512.5 lb in. sec? b, = 2in. 
I, = 811.9 lb in. sec? b, = 12.7 in. 
IT, = 1044.6 lb in. sec? b, = 9.3 in. 
k, = 13,000 lb per in. k, = 1470 lb per in. 


From Equations [6], [11], [16], and [19] the values of the six 
natural frequencies of this set are calculated as given in Table 1. 
The test values given in Table 1 were measured when the ap- 
paratus was set up on a wooden floor which showed some deflec- 
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TABLE 1 
Mode we w3 ows ws we 
Calculated (cps) 9.78 13.12 3.28 8.33 2.94 5.32 
Test (cps) 8.67 12.74 3.03 9.75 2.90 4.67 
d (in.) —0.85 1360 —2.35 62.9 


tion when the set was resonated vertically, which accounts for 
the lower test reading for this mode «. 

The positions of the nodal axes can be determined as indicated 
previously. Vibration at the frequencies w; and ws is respectively 
along and about the Y—Y axis of the machine due to symmetry. 
Expression [22] gives the calculated positions for the remaining 
nodal axes as noted in Table 1. Each of these axes intercepts the 
Y-Y axis perpendicularly at the distance d measured positively 
downward from the CG. 

Comparing the frequencies shown in Table 1 with the principal 
impressed frequencies it will be seen that no close coincidences 
occur. The ws resonance measured at 4.67 eps and the 4-eps im- 
pressed frequency of the crankshaft are nearer than any other 
combination. With the rubber pads in the calculated position 
no visible resonance occurs, but if each one is moved about 3 
inches in toward the center of the base, ws is lowered permitting 
a large resonant vibration about the Y—Y axis at 4 eps. 


SUMMARY 


It has been shown that for the type of vibration-isolating 
mounting considered here certain types of rubber satisfy the 
elastic requirements exceptionally well. Methods have been 
developed for determining the elastic constants of a block of rub- 
ber in compression and shear. These values reduced to the elastic 
constants of an entire mounting when used in expressions de- 
veloped herein give the six natural frequencies of the suspended 
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system. Using this procedure, mountings may be designed for 
vibration isolation which will not cause resonance with various 
impressive frequencies. 
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Stress Systems in a Circular Disk Under 
Radial Forces 


By RAYMOND D. MINDLIN,' NEW YORK, N. Y. 


The transformation of inversion is employed in this 
paper to generalize a particular solution obtained by 
Michell (1),? for plane stress in a circular disk. In Michell’s 
solution the disk is loaded in its plane with a pair of equal 
and opposite forces; one at the center of the disk and the 
other on the periphery as shown in Fig. 1. In the trans- 
formed state, the force in the interior of the disk is no 
longer at the center, as shown in Fig. 3 and represented 
by Equation [9]. By simple superposition, the trans- 
formed solution is extended to include any self-equilibrat- 
ing system of radial forces applied in the plane of the disk 
as shown in Fig. 60. 

The transformation would involve only straightforward 
calculation were it not for the fact that the disk is multiply 
connected. This condition is caused by the presence of a 
singularity in the interior of the disk at the point of ap- 
plication of the force. In the inversion of plane stress in 
a multiply connected plate, the displacement functions 
for the transformed state are not necessarily single-valued 
even though they may have arisen from single-valued 
displacements in the original plate. This difficulty is 
overcome by the introduction of suitable functions which 
remove the many valued terms in the displacements, but 
do not disturb the stress conditions on the boundaries of 
the transformed disk. 

The solution is shown to include, as particular cases 
two well-known problems: (@) A disk loaded on its 
periphery by forces acting along a diameter as shown in 
Fig. 4; and (b) a semi-infinite plate loaded near its edge by 
a force normal to the boundary as shown in Fig. 5. 


MICHELL’s SOLUTION 


ONSIDER first a solution of the problem of a circular 
disk loaded with a pair of equal and opposite forecs in the 
plane of the disk, where one force is applied at the center 
of the disk and the other on the periphery as shown in Fig. 1. 
The stresses for this configuration were given by Michell (1). 
The solution may be expressed in terms of a plane stress 
¢ satisfying the biharmonic equation 
where V4 = (04/dx*) + + (04/dy4). 
are expressed in terms of @ by the relations 
o% 


= = 


Tey 


The stresses 
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where o, and a, are the normal components of stress on planes 
perpendicular to the z- and y-axes, respectively, ahd r,, is the 
shearing stress on these planes. 

For the problem indicated in Fig. 1, it may be verified that the 
stress function is given by 


where 2, y, p, ¢, 8 are coordinates as shown in Fig. 1; a is the 
radius of the disk; v is Poisson’s ratio; F is the magnitude of the 
applied forces. Terms in ¢o involving the coordinate perpendicu- 
lar to the z, y-plane are neglected. 


x 
Disk Loapep aT Its CENTER AND PERIPHERY —MICHELL’s 
PROBLEM 


Fie. 1 


We wish to transform ¢o so that it will yield the stresses for 
the case where the force which acts in the interior of the disk is no 
longer at the center C. 


TRANSFORMATION OF INVERSION 


It is necessary at this point to indicate briefly some of the 
properties of the inversion transformation which will be used in 
succeeding paragraphs (2). 

If O’ is a point in a plane and P any other point, we may 
locate a third point P’ on the line through O’P, such that 


where & is a constant length called the radius of inversion and 
O’ is called the center of inversion. The circle whose center is 
O’ and whose radius is k is known as the circle of inversion, and 
P and P’ are termed mutual inverts with respect to the circle of 
inversion. 

If, for each point P in the plane, we locate a new point P’ 
according to Equation [4], the whole of the plane outside the 
circle of inversion is transferred to the interior of the circle and 
vice versa. In general, any circle in the plane is transformed 
into a circle; any straight line (except those passing through 0’) 
is transformed into a circle through O’, and conversely. In par- 
ticular, by properly choosing a center and radius of inversion, 
we may transform a circle into itself while points within the 
circle shift their relative positions. This property will be used 
in the sequel. 
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In applying the transformation of inversion to plane stress 
problems, it is important to know: 

1 A stress function ¢ satisfying Equation [1] is transformed 
to a function ¢’ such that (O’P’)*9’ (equals ¢;, say) satisfies Equa- 
tion [1] when V‘ is expressed in terms of the transformed co- 
ordinates; hence ¢; represents a stress function for a problem in 
plane stress. 

2 A boundary free from stress is transformed into a bound- 
ary under uniform normal stress. 

3 A concentrated force F is transformed into a concentrated 
force k?F. 

4 In a multiply connected plate, the stresses derived from 
the transformed stress function do not necessarily give rise to 
single-valued displacements in the transformed region. 


CoorDINATE RELATIONS 


In Fig. 2 we wish to invert the disk of radius a into itself in such 
a manner that its center C goes to a point O distant c from C. 


Fig. 2. INVERSION OF MICHELL’s PROBLEM 


To do this we employ the procedure followed by Love in the 
analogous problem in the theory of bending of thin plates (3). 
The center of inversion O’ is chosen so that O’ and O are mutual 
inverts with respect to the periphery of the disk (hence O’C = 
a?/c). The radius of inversion is taken as 


Then, in Fig. 2, the periphery of the disk inverts into itself; 
C goes to O; A goes to A’; and, in general, any point P goes toa 
point P’ in such a manner as to satisfy Equations [4] and [5]. 

We require to know the coordinates of P in terms of the co- 
ordinates of P’. The coordinates of P are given by 2, y, p, 
¢, r, 9as shown in Fig. 1. The coordinates of P’ are given by 
R, 0, Ri, Q1, Re, 82 as shown in Fig. 2. The latter are conven- 
iently referred to a system of rectangular coordinates X, Y with 
origin at A as in Fig. 2. Then angle 


AA'P = ® = tan-~! ———— 
A an 


angle 
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angle 
= tan! = 

[X + (a*/c) a] 

and (A‘P’)? = R? = Y2 + (2a — X)? 
(OP’)? = = Y? + (X —a+c)? = ¥?4+ X;? 
(O'P’)? = = Y? + [X + (a*/c) —a]? = + X,? 


A’O’P’ = ®, = tan™! 


If, in Fig. 2, we note that triangle O’PC is similar to triangle 
O'OP’, and that triangle O’AP is similar to triangle O’P’A’, 
then the following relations between the coordinates in the 
original and transformed disks are found 


= 6, - 


INVERSION OF MICHELL’s SOLUTION 


To transform Michell’s solution, we first substitute in Equa- 
tion [3] the relations given in Equations [6] and so obtain a 
function ¢’ in terms of the transformed coordinates. Multi- 
plying ¢’ by R2? we obtain a function, say ¢:, which satisfies the 
transformed Equation [1] according to the properties of the 
inversion transformation stated previously in this paper. Fur- 
ther, the force F at C, shown in Fig. 2, is transformed into an 
oppositely directed force F’ = k?F at O, and the force F at A 
is transformed into an oppositely directed force F’ = k?F at A’; 
a uniform normal stress (easily removed) is produced on the 
circular boundary. 

It remains only to examine the stress function for terms which 
may introduce many-valued functions in the displacements. 
This investigation is neeessary because of the concentrated force 
at O. The stresses became infinite at O, and therefore this point 
must be excluded from the region for which the solution is ap- 
plicable. Hence, the region under consideration is included be- 
tween two closed curves, the circle of radius a and the closed 
boundary around the singularity at O. In such a multiply con- 
nected region, the inversion transformation may produce many- 
valued displacements, and these must be eliminated if the solu- 
tion is to be valid. 

Substituting Equations [6] into Equation [3], and multi- 
plying by R,?, we obtain, tentatively, after some rearranging of 
terms 


1— R 
= | ree +0, 
1 + va?’ 1—vy c R, 
= X, 2 


where a is a constant to be adjusted so that the uniform normal 
stress on the circular boundary vanishes, and the terms linear 
in X and Y may be neglected as they yield no stress. 

An examination of the function ¢, reveals that the first two 
terms combined yield single-valued displacements within the 
disk as also do the third and fourth terms. However, the last 
term within the brackets introduces many-valued displacements 
in the region included in the disk. It is necessary to remove 
such terms without altering the stress conditions on the circular 
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boundary of the disk. The reason for arranging the terms in the 
manner of Equation [7] appears when we notice that the function 
R:? log (2i/R2) produces uniform normal stress on the circular 
boundary of the disk. Hence, we may drop this term and in- 
clude its uniform normal boundary stress in the constant a. 

Evaluating the normal stress on the boundary resulting from 
the first three terms, we find that to remove it, we must set 


a =- + a) —v(e—a)]---------- [8] 


The final stress function for the transformed problem as shown 
in Fig. 3, is then 


F’ 1 R, 
= Y (260 + 8, + — X, log 
va? R,? 


where a has the value given in Equation [8]. The stresses, ob- 
tained from Equations [2], (substituting X, Y for x, y) are found 
to be 


x x 


oy: 
Rs Rit” Ry 2 
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Fic. Troe TRANSFORMED PROBLEM} 
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Fic. 5 Meuan’s Propuem—Par- Fic. 6 GENERAL 
TICULAR CasE WHEN a © BRATING SysTeEM OF RapIaAL Forces 
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PARTICULAR CASES 


Two well-known problems involving straight and 
circular boundaries may be shown to be special forms 
of the solution represented by Equation [9]. 

(a) The Roller Problem. Michell (1) gives the solu- 
tion for the disk loaded normally on its periphery by 
a pair of forces at the ends of a diameter, as shown 
in Fig. 4. This may be obtained from Equation [9] 
and Fig. 3 by letting c = a. Then point O coincides 
with O’ and in Equation [9] 6; = © and R, = R, 
so that, dropping terms linear in X and Y, the stress 
function for the case of Fig. 4 becomes 


(b) Melan’s Problem. If, in Equation [9] and 
Fig. 3, we let a — © in such a way that a—c = 6b 
(a constant), we obtain the solution for a semi-infinite 
plate loaded at a distance b from its edge by a force 
normal to the boundary, as shown in Fig. 5. In 
Equation [9] we have 


a/e = 1 
Lim 6=0 


a—> )R = ¥? + (X —b)? 


Y? + (X + b)? 
Then, noting that Ri? = R,? — 4bX, the stress 
function for Melan’s problem becomes 


F 1—vp R, 
+ @.) — (X — bg 


(1 — v) bX (X + d) 


If translated into Melan’s notation, Equation [11] 
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will be found to be identical with his Equation [9] (4). 

A final check on Equation [9] is obtained by evaluating its 
limit asc + 0. Noting that ©, — 0 and c*R,? ~ a‘ as c > 0, 
Equation [9] becomes 


F 
2 


In order to compare this equation with Equation [3] we ob- 
serve that for the case c = 0, Y = —y,0 = —#,0 = —, X, = 
z,R, =p. Substituting these values in Equation {12], we verify 
that the latter is identical with Equation [3]. 


GENERAL CasE 


We can find the solution for any system of radial forces by 
applying solutions of type ¢, (Equation [9]) at the required orien- 
tations as shown in Fig. 6a. If the system of forces in the in- 
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terior of the disk is self-equilibrating, then the system on the 
boundary is also self-equilibrating and the latter may be removed 
by a well-known method (5). There remains, then, only the 
system shown in Fig. 6b. 
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The Load-Deflection Characteristics of 
Initially Curved Flexural Springs 


By W. E. JOHNSON,' FORT WAYNE, IND. 


The problem considered in this paper is that of deter- 
mining the relation between the load and the deflection of 
a curved flexural member which is permitted to take 
large deflections, so that its action may be considered to 
be that of a spring. Four primary types of springs are 
considered, in each of which the line of action of the load 
is either perpendicular or parallel to the tangent to the 
neutral axis at the point of clamping, as shown in Fig. 1. 
In addition to these, the equations for the initial curve of 
a piston ring with a large gap are given. 

The results for the four primary types may be used for 
any spring which is a combination of several springs of one 
type, and also for combinations of different types. Thus 
a spring consisting of any portion of a circular arc may be 
analyzed. Also, the relations of load, deflection, and stress 
may be obtained for a spring consisting of several convolu- 
tions (corrugated), and subjected to either a compressive 
or extending force. 

For each of the primary types, two sets of curves are 
given, one set showing the relation between the load and 
the deflection in the direction of the load, while the other 
shows the relation between the load and the greatest 
moment arm which is used to determine the stress. Each 
set of curves is plotted for several values of the initial curva- 
ture, including limiting cases of the column and straight 
cantilever. Curves are in suitable form for design work. 

Methods of computing these relations are summarized 
so that cases not included in the plotted results may 
readily be computed. The method of analysis, and discus- 
sion of related incidental problems are given in appendixes. 


HE analysis of the load-deflection characteristics of thin 

rods, both curved and straight, has since early times been 

one of the favorite problems in elasticity. The majority 

of published results deal only with small deflections, as in the 
case of the ordinary beam theory, and in general are not ap- 
plicable to the analysis of springs. An exception to this is the 
problem of the “elastica,’’ this name? being used to denote the 
curve formed by a thin strut when subjected to a buckling load. 
Curved flexural springs have been used for years.as mounting 
springs for automobiles, but the curvature is small enough to 
permit fairly accurate analysis by the ordinary beam theory. 
Probably the more extensive use of flexural springs has been re- 
tarded partly because of the lack of suitable design information. 
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The principal object of this paper is to supply this information, 
and to point out the chief characteristics of these springs. 

For example, dynamic problems may require springs with defi- 
nitely nonlinear gradients, or perhaps with a very low gradient 
combined with a high load capacity. These characteristics can 
be obtained in various degrees in flexural springs. The study of 
struts for structural purposes, particularly in relation to stability 
and shock-absorbing capacity, will be enhanced by a study of the 
spring shown as type 1 in Fig. 1. There is no lack of possible 
applications, and it is hoped that the information presented here 
will afford material assistance in design work of this nature. 


Tue Properties oF CuRVED FLEXURAL SPRINGS 


It is the object of this section to discuss the general properties 
of these springs and to show how the curves in Figs. 2 to 9, in- 
clusive, mav be used. 


TYPE 1 


TYPE 3 


R 


TYPE 2 


Pp 


Fie. 1 Loaptne ConpiTions oN CurRvVED FLEXURAL SPRINGS 


Nomenclature for springs of types 1, 2, 3, 4, Fig. 1, follows: 

P = the applied load, lb 

1 = the length of the neutral axis, in. 

B = the rigidity of the cross section of the spring, lb-in.? 
For rods whose sections have approximately equal 
dimensions in all directions this is equal to EJ. For 
flat spring steel, such as that used in clock springs, 
where the thickness is small in comparison to the width, 
the value of B is EI/(1 — o?), where « = Poisson’s 
ratio. The value of B for other sections will usually fall 
somewhere between these values 

8s = the deflection, in the direction of the load, of the free end 
to which the load is applied, in. This is a quantity 
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Fic. 4 Loap-DrEFLecTion Curves For Type-2 SprRINGS 


such that, if V = the work done by P during the deflection, 


then 
8 
V= f Pds 
0 


yo = the length of the normal through the end point of the 
spring to the line tangent to the neutral axis at the point 
of clamping, in. 

2% = the length of the projection of the elastic curve* on the 


* The term ‘‘elastic curve” is used to denote the curve formed by 
the neutral axis of the spring. 
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line which is tangent to the neutral axis at the point of clamping, 
in. 
R = the radius of the are in which the neutral axis originally 
lies with no load applied, in. 
These quantities are combined into dimensionless variables 
as follows: 
Pl?/B 
s/l 
Yo/t 
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Fic. 8 Loap-Der.iecrion Curves For Type-4 SPRINGS 


Note that 6b is the angle, in radians, subtended by the neutral 
axis in its initial position. 

Discussion of Type 1. In this type spring, shown in Fig. 1, 
the load acts parallel to the tangent line‘ and toward the clamp. 
A solution may be obtained for all values of b up to x. When 
b > x, the spring becomes a combination of types 1 and 2. 
When b = 0, we have the special case of a straight column, and 
the solution applies for 0 < p < . For intermediate cases, 
(0 < b < x), some finite value of p will be reached at which 
the slope dy/dz at the end point will become zero. Beyond this 
value of p, the spring again is a combination of types 1 and 2. 

The curves in Fig. 2 give the relation between p and 6 for various 
values of b, and Fig. 3 gives the relation between p and u. 

A spring may be formed into several ares, each one the same 


‘ The term “‘tangent line’’ will be used hereafter to denote the line 
tangent to the neutral axis at the clamping point. 
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as the primary are shown in Fig. 1. For example, a straight 
column with pivoted ends is a combination of two primary springs 
with b = 0. The same is true of a “bowed” column with pivoted 
ends. A straight column with clamped ends is a combination of 
four primary springs with b = 0. In this case, the clamps must 
support a bending moment Py. Any spring formed into a num- 
ber of ares in “ogee” fashion and subjected to a buckling load 
may be studied in terms of the type-1 spring. 

It can be seen from the curves in Fig. 2 that if we take as the 
criterion of stability 


dP dp 


then the straight column is stable when and after the buckling 
load is reached, but it is evident that a small curvature makes a 
great difference in the way the spring acts in the neighborhood of 
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the critical load. This is illustrated by the curve for b = 0.2. 
It is further evident that, while the straight-column spring is 
stable according to the foregoing criterion of stability, the bend- 
ing stress at the buckling load is indeterminate, since at yo = 
=0 
dp _y 
du 
It is this indeterminate stress which is responsible for the col- 
lapse of columns, rather than elastic instability. 

One useful property of the “column spring,” as this type may be 
called, is that for small values of b it is possible to obtain an ex- 
tremely low spring gradient while maintaining a high load. A 
comparable load capacity and gradient obtained with a helical 
spring would require an immensely greater amount of material 
and space. This property is very desirable in certain dynamic 
instruments. It will also be noted that springs with low values 
of b have distinctly nonlinear gradients, and consequently may be 
used for the control of resonance by making the amplitude de- 
pend upon the frequency. 


Fic. 10 CoMBINATION OF 
Types 1 AND 2 


Fie. 11 Piston Rine WITH 
LARGE DEFLECTIONS 


Another design problem that may require this analysis is that of 
designing struts or columns in structures that may be subjected to 
shock loads. A perfectly straight column has practically no energy- 
absorbing capacity until it buckles, so that buckling is very apt 
to occur under the influence of a shock load. Moreover, it can 
be seen by comparing the curves in Figs. 2 and 3 that when a 
small amount of energy is absorbed by the buckled strut, the 
deflection 6 will be small, while the moment arm uz is relatively 
large, resulting in a high stress. Now the fact that 6 is small will 
prevent other parts of the structure from taking a fair share of 
the load, so that nearly all the energy of the shock load may be 
taken by the strut with probable failure. On the other hand, a 
slightly curved strut, while absorbing approximately the same 
energy at the same stress will have a much greater deflection 4, 
thus permitting other parts of the structure to absorb some of the 
energy and prevent overstressing the strut. At the same time, 
the force caused by the energy of the shock will be materially re- 
duced. 

The design information needed for springs of this type is ob- 
tained from the curves of Figs. 2 and 3 as follows: 

The deflection 


s= 
The spring gradient is 
dP/ds = (B/l*)(dp/dé) 


where dp/dé is determined graphically from the curves, or 
mathematically as indicated in Appendix 3. 
The maximum bending moment is 


Pyo = (B/l) pp 
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The stress is the sum of the direct stress and the bending stress. 

Discussion of Type 2. In this type spring, shown in Fig. 2, 
the load acts parallel to the tangent line, but is directed away 
from the clamping point. The limiting case when b = 0 is that 
of a pure-tension member. This type includes all values of b up 
to r. When b > z, the spring is a combination of types 1 and 2, 
as shown in Fig. 10, although it will degenerate to type 1 for 
sufficiently large values of p. 

Springs composed of several primary springs may, of course, 
be analyzed in terms of the primary spring, as was pointed out 
for type 1. 

The principal advantage of this spring is that it can support 
high loads with a relatively low stress, at the same time providing 
a low spring gradient at the smaller values of load. At the smaller 
values of b the spring gradient increases rapidly with load, a 
property that can be used in some cases to limit the amplitude 
of resonant vibration in a dynamic system. At higher values of 
b the spring gradient is nearly constant for values of p up to about 
1.5, but in all cases the gradient finally increases with p. Com- 
putations for the deflection, gradient and bending moment, are 
exactly the same as for type 1. 

Discussion of Types 3 and 4. In these types of springs, shown 
in Fig. 1, the load acts in a direction perpendicular to the tangent 
line. The limiting case (6 = 0) is that of the straight cantilever. 
The curves for these types are shown in Figs. 6, 7, 8, and 9. 

Springs of type 3 become combinations of types 2 and 3 when 
b > w/2. Excluding the case when b = 0, the slope dy/dz at 
the free end becomes infinite for some finite value of p. When 
this occurs, the spring becomes a combination of types 2 and 3 
for greater values of p. The curves for b = 0.8 in Figs, 6 and7 
stop at the value of p where the transition occurs. The transition 
points for the other values of b are beyond the range of the graphs. 

The springs of type 3 have no outstanding properties, except 
that as the value of b is increased they will carry more load for 
a given stress than a straight cantilever. This may be observed 
from the curves of Fig. 7. 

Springs of type 4 remain of this type for all values of p, pro- 
vided b < /2. When b > x/2, the spring is a combination of 
types 1 and 4 for limited values of p. If b is not too large, a spring 
for which b > 2/2 will revert to type 4 for sufficiently large values 
of p. 

For sufficiently large values of b, it can be seen from Fig. 8 
that the spring gradient decreases as p increases until a point of 
inflection is reached beyond which the gradient increases. This is 
another nonlinear property and can be utilized to control reso- 
nance amplitudes. 

Fig. 9 shows that for the smaller values of p the bending mo- 
ment increases at a greater rate than the load. This occurs until 
the maximum moment arm is attained, beyond which point the 
moment arm decreases. 

For either type 3 or type 4, the values of deflection, gradient 
and bending moment are, respectively 


B 
Pr = 7 PX 


The Piston-Ring Problem. In Fig. 11 is shown a piston ring 
with a large deflection. The problem here is to determine the 
initial shape of a flexural member, such that when the member is 
constrained to form a complete circle it will subject the constrain- 
ing cylinder to a uniform load per unit length of perimeter. 
This problem is quite different from those of the springs pre 
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viously discussed. It is included here because it seems worth- 
while presenting the solution, while scarcely meriting a separate 
paper. 

Solutions of this problem applicable only to the case where the 
gap is small have been published and appear in various textbooks. 
The solution presented here applies for any gap, and was originally 
worked out to determine the proper shape of some spring-steel 
clips that were to be inserted in helical springs for the purpose of 
damping the spring vibrations. 

The nomenclature for this problem, which should not be con- 
fused with the notation given for the other types of springs, is 
as follows: 


P = desired load per unit length of the neutral axis, when 
this axis is constrained to a circular shape, lb per in. 

a = radius of the neutral axis in the constrained position, 
in. 

6 = the angle to a point Q in the constrained position, 
the coordinates of which in the unstrained shape are 
z, y as shown in Fig. 11, radians 


h = thickness of the material, in. 
M = the bending moment at Q, lb-in. 
B = rigidity of the section = EJ, or EIJ/(1 — o*), where 


o = Poisson’s ratio, depending on whether the mem- 
ber can be considered as a rod or a thin plate 


J,(8) = the Bessel function of order n.................. [3] 


Using this notation, the x and y coordinates of a point Q on the 
neutral axis are given in terms of the mutual parameter @, as 
follows 


: Jo(8) sin a + J,(8) sin (a + n)@ 
a a a+n 

1 


: sin (n — | [4] 


+ 


n 


Jo(8)(1 — cos + J,,(8) 

a a a+n 
1 


[1 — cos (n + {1 — — 


Now, it is usually necessary to know the curve formed by the 
outer surface of the ring This can be done by adding to the z 
and y values the quantities Ar and Ay, where 


h 
Ar = 5 ein — Bsin @).............. [6] 


ay = — 5 60s (ao — 8 sin 0) [7] 


Also, we require the bending moment, which is 


This is all the necessary information for determining the initial 
shape and stress of a piston ring with a large gap. 


COMPUTATION OF THE LOAD-DEFLECTION CURVES OF TYPES 
1, 2, 3, AND 4 


The load-deflection relations for any one of the four types of 
springs may be computed in terms of two parameters, the modulus 


and amplitude of the elliptic integrals of the first and second kind.® 
In addition to the nomenclature given earlier in this paper for 
springs of types 1, 2, 3, and 4, we shall need to use the following; 


v = y/ l 

= 2z/l 

k = the modulus of an elliptic integral 
Vi-k 


c:, 8, y,0r@ = amplitudes of the elliptic integrals 
A(8) = V1 — k? sin’g 


K = Z ce. 2 = the complete elliptic integral of the 
o 
first kind 
de 
F(g) = ——— = the incomplete elliptic integral of the 
0 
first kind 
w/2 
E = f A(¢)d@ = the complete elliptic integral of 
0 


the second kind 


B 
E(8) = f A(¢)d@ = the incomplete elliptic integral of 
0 
the second kind 


In order to make use of the published tables, it is in most cases 
necessary to use two or more forms of the solution so that all 
possible values of the load will be included. In the summary 
of formulas which follows, the various solutions for each type fol- 
low, in each case, the statement of the conditions under which 
the solution applies. Included with the formulas are the expres- 
sions for the slope of the free end, or “terminal slope.” This is 
required for the condition of compatibility when combining 
two solutions for a spring involving two of the primary types. 

Type 1 Condition 1: b = O (Straight Column). Select 
arbitrary values of k from 0 to 1. Using & as a parameter, deter- 
mine 


[9] 
[10] 

dy 

1 
where 

@ = cos~!{1 — [14} 


Type 1 Condition 2: b > 0 and (pu + b)*/4p > 1. Select 
arbitrary values of k in the region from 0 to 1. For each value of 
k, determine the value of 8 satisfying the equation 


With the values of k and 8 thus selected, determine 
[16] 
4 sin?38 
eee 17 
+b 


5 The most useful and readily available tables for computation are: 
“Tables of the Complete and Incomplete Elliptic Integrals,’’ re- 
issued from Legendere’s ‘“Traité des Fonctions Elliptiques,”’ Paris, 
1825, with an introduction by Karl Pearson, Cambridge University 
Press, 1934. 
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2 F(8) — E(8) > 
dx\y 

= 20 | 

where 
sin = 1/2 -V»[2(pu + b) — pr]........... [21] 
Type 1 Condition 3: b > O and (py + b)*/4p < 1. Select 


arbitrary values of k, starting with unity and decreasing. There 
is a limiting lower value, below which no solution exists. For each 
value of k selected, determine the two values of 8 satisfying the 
equation 


One value of 8 corresponds to a small and the other to a large 
value of p. With these values of k and 8, determine 


b(1 — cos 8) i 
{24] 
_ 2F(6)— on | 
Fie) 1+ sind (25] 
dy _ 2kA(8) sin B (26) 

1 
= — [2E(6) — F(@)].............. 27] 
[2E (@) (0) } (27 | 

where 
= (28 | 


Type 2. There is only one solution for this type of spring. The 
steps of computation are as follows: 

Select arbitrary values of k in the range from 0 to 1. For each 
value of k, find the value of 8 satisfying the equation 


With these values of k and 8, determine 
2 cos? B 
31] 
“= TK—F@A@ + 
_1 2 E — E(8) 2 
dy 
= yo 
1 E — E(@) 
= —| 2 ————— 
where 
cos 6 = 1/, [2v(b — pu) + pr?].......... (35 ] 
Type 3 Condition 1, b = 0 (Straight Cantilever). Select arbi- 


trary values of k in the range from 1/,/2 to 1, and determine 
8 from the relation 
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With these values of k and 8 


p= [37 | 
E — E(8) 

= 1 — 2 38 | 

K — F(8) aad 

_ (4k? — 2) 

dy 2k? — 1 | 

deen” (40) 


v = (1/V/p) {(F@ — F(8)] — — E(8))}.. [41] 


where 
cos @ = (V/p/2k)(x —8).. (42) 


Type 3 Condition 2: 6b > O and (px + 6)?/2p > 1. Select 
arbitrary values of k in the range from 0 to 1, and determine the 
value of y satisfying the equation 


2(F(y) — F(w/4)] A(y) = [43] 
With these values of k and y 
p = k*(F(y) — [44] 


E(y) — E(x/4) 


- 
b).. [45] 


1 2 
= - 46 | 
ak ) | 
ly) 
x = xs 


2 — k? 
Vpk\ ( ) 


where 
sin = '/, y/[2&(px + b) — pt? + 2]........ 
Type 3 Condition 3: b > O and (px + b)?/2p < 1. Select 


arbitrary values of k in the range from 1 to 1/./ 2, and deter- 
mine 3 from the relation 


kvV2 


With these values of k and 8, find the value of y satisfying the 
equation 


2k(F(y) — F(8)] cos y = b............. [51 | 
With these values of k, 8, and y 

p = (F(y) — [52] 
1 E(y) — E(8) 
— 2 53 
5 1 b (1 — cos b) — 2 F(y) — F(8) (53) 
[55] 

%2kA(y) sin y 
v = (1/y/p) — — F(a) .. . . (56! 
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where 


P(x — &) +b 
pk 
Type 4 Condition 1: b > O and (b — px)?/2p > 1. Select 


arbitrary values of k in the range from 0 to 1, and with these 
values find the values of y satisfying the equation 


cos 8 = 


2(F (4/4) — F(y)]A(y) = Bb... [58 | 
With these values of k and y+ 
p = k?[F(x/4) — [59] 
l —1 — 2 | = EM _ 
$ = (1 — cos b) |. . [60] 
1 
x=-|b— 2»(2 i) [61 | 
v = (1/ky/p) {2[E(w/4) — E(0)| — (2 — k*) 
-F@})}.......... [63] 
where 
sin@ = (1/2) V2— — px) + [64] 


Type 4 Condition 2: b > px and (b— px)?/2p < 1. Select 
arbitrary values of k in the range from 1 to 1/+/ 2, and deter- 
mine the value of 6 from the relation 


With these values of k and 3, find the values of y satisfying 
the equation 


2k[F(8) — F(y)] cos y = b............ [66] 
With these values of k, 8, and y 

p = — (67] 

1 E(8) — E(y) 
D+ 1 68 
F(8) — F() 
x= E — 2p(2k? — [69] 

| — 2k? sin? 

dy| [70] 


» = (1/vp) {2(E(3) — E(@)| — [F(3) — F@]}..(71] 


where 
b— — 
Type 4 Condition 3: px > b > Oand (b — px)*/2p < 1. Select 


arbitrary values of k in the range from 1// 2 to 1, and determine 
8 from the relation 


it being understood that 8 lies in the second quadrant. Let 
a = — 8.6 Then find the value of y satisfying the equation 


2k[2K — F(a) — F(y)| cosy = b......... [74] 


5 The definitions of 8 and @ are made to conform to the interpreta- 
tion shown by the analysis, in which the upper limit of certain elliptic 
integrals exceeds r/2. The interpretation of this in terms of complete 
and incomplete integrals leads to the foregoing results. 
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With corresponding values of /, a, and 
p = (2K — F(a) — F(y)]*?........... [75] 
I 2E — E(a) — E(y) 
6 = 1 — cos b 1 — 2— .. (76 
2K — F(a) — F(y) 
x = (1/p)(b + V2p(2k? — D].......... [77] 

2kA(y) sin 

When 6 >p (x — £) 
v = (I/\/p) {2(2E — E(a) — E(@)| — [2K — F(a) 

—F(@)|}....... [79] 


When p(x — §) > b 

v = (1//p) {2(E(@) — E(a)| — [F@) — F(a) ]}.. . [80] 
where 
| —b | 
— px)? + 2p] 


cos 6 = 


Appendix | Methods of Analysis 


ANALYsIS OF TyPEs 1 TO 4 

The method of analysis will be indicated by carrying out the 
analysis for springs of type 1. Analyses of the other three types 
differ only in details which need no explanation. An entirely 
different method is, of course, required for the piston-ring 
problem. 

The nomenclature is the same as that used previously, and as 
shown in Fig. 1. Additional nomenclature will be given as needed. 

Using the theory of bending of slender rods or of thin plates 
bent into developable surfaces, we write the equation expressing 
the proportionality of the bending moment to the change of 
curvature. Thus 


d?y/dx? 
[1 + 


Multiplying both sides by /, we obtain the dimensionless form 


+ = pu + b— pp.......... [83 | 
If, in Equation [83] we let 
and 
we obtain, by changing the independent variable to u 
[36 | 


pil + (2/p)?h2 


Integrating this subject to the condition that z = 0 when u 
= Uo = pu + 5, and solving the result for z, then 


du dv 


= 


dé dé 


v (1 — (1 + vo? — »?)?] 
1 + — 


where v? = u*/2p, and v? = uo?/2p. Equation [87] is used later 
to determine the slope at the free end. 

An explicit expression for — in terms of v may now be obtained 
by integrating Equation [87| between the proper limits. Thus 


| 
4 
| 
ct 3 
| : 
he 
55] 
(56) 
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. [88] 


1 + v? — v,? 


This is an elliptic integral. In order to express it in terms of 
the tabulated integrals, we make the transformation 


(1/2)0o? = (v/v) = 


This tacitly assumes that 1?/2 < 1. 
a different transformation is required.’ 
in the variables, Equation [88] becomes 


= +(1/+/p)(F@) —2E(@)]........... 


When 7, », and b are known, Equation [90] defines the shape 
of the neutral axis. Now the value of & at the free end (= x) 
is given by Equation [90] when » = u, or when 


and [89] 


When this is not the case, 
Making this change 


6 = B = cos” 


Therefore 


+ (1/+/p)[F(8) — 2E(8)]............ [92] 


We now require one further relation among the variables, 
which may be obtained by using the fact that the length of the 
neutral axis is constant, whence 


yo 
l= f + (dx/dy)? dy........... (93 
0 


Using Equation [87] for the slope, and effecting the trans- 
formation of variables given by Equation [89], Equation [93] 
takes the form 


x 


Vp = 


These relations completely determine the solution. It will 
be noted that three integrations are involved. This is common to 
all springs of types 1, 2,3, and 4. The problem just solved is that 
for type 1, under condition 3, the summarized equations being 
given by Equations [22] to [28], inclusive. Note that the 
Equation [22] is obtained by substituting Equation [94] in 
Equation [91]. The other equations are obtained from the 
equations just derived by rearranging the results to obtain the 
desired explicit expressions. Incidentally, it will be found that 
the negative sign applies to Equations [87], [88], [90], and [92}. 


ANALYSIS OF THE Piston Rinc® 


This analysis is too extensive to be presented in detail, but the 
method will be briefly outlined, using the nomenclature given 
previously. 

By integration it is easily established that the bending moment 
at Q shown in Fig. 11, when the ring is constrained to a circular 
shape by a uniform load is 


M = Pa*(1 + cos 6)................ [95 | 


We equate the bending moment to the product of the rigidity 
B by the change in curvature, using the intrinsic expression for 
tue curvature. This results in the equation 


= 
where = tan~'(dy/dz). 


7 The required transformations are summarized in ‘Elliptic Inte- 
grals,”’ by Harris Hancock, Mathematical Monograph No. 18, John 
Wiley and Sons, Inc., New York, 1917, p. 13. 

*The author acknowledges the contribution made by Dr. H. 
Poritsky in suggesting this method. 
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Integrating Equation [96], subject to the condition @ = \) 
at = 0 


The x and y coordinates are obtained from Equation [97! 


by the equations | 

a 0 


and 


These integrations are performed by combining z and y in the 
complex variable (x + iy), so that 


a 0 


Substituting Equation [97] for ¢, and placing e = ¢, then 


Bf. 1 
1 
- (x + ty) = 2 
a 1 


Now the second factor in the integrand may be expanded in a 
Laurent expansion about the point t = 0. Therefore 


8 1 
b 
e 2 +2434 {102! 
where 
a, = f AC [103] 
Jc 
and 
B 1 
¢ 2 ( {104} 
Jc 


the integrations being taken round a closed contour C surround- 
ing the origin in the complex plane. These integrations give 


and ) 


[105} 
{106} 


Substituting the series in Equation [101], integrating, and 
separating the real and imaginary parts, we obtain the explicit 
expressions for xz and y given in Equations [4]! and [5]. 


Appendix 2 


Sprincs CoMBINING Two Types 


The analysis of a spring of this type will be illustrated by con- 
sidering the particular spring illustrated in Fig. 10. Subscripts 
1 and 2 will be used to relate quantities to type-1 or type-2 springs, 
respectively. 

Fundamentally, the method consists of obtaining solutions for 
type-1 and type-2 springs that will satisfy the following conditions: 


[108] 


where m is the terminal slope. Assuming condition 2 to apply 
to the spring of type 1, then m, = —m, if 8; = Go. 
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Now from Equations [15], [16], and [17], we find that 


2b 
ain = + [110] 


Also, from Equations [29], [30], and [31] 


Cos Bo = — [111] 


It is evident that, as the load increases, >, will decrease and 
b. will increase. Consequently, we can select some reasonable 
value of b, taking the corresponding value of b. from Equation 
[108]. From the curves of Figs. 3 and 5, we can obtain corre- 
sponding values of p and yu for the values of 6; and b» selected. 
Using Equations [110] and [111], the values of 8; and 8; may be 
computed and plotted against p. The value of p for which 8; = 
8. is a solution. In other words, at this value of p, the values 
of b; and 62 will be those assumed. 

If the spring is such that the information sought is out of the 
range covered by the curves, a mathematical solution may be 
obtained by applying either the conditions expressed in Equa- 
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tions [107], [108], and [109], or a similar set of conditions for 
other springs. It will be found, in general, that this method re- 
quires the solution of two simultaneous transcendental equations, 
which must be obtained either by graphical or trial and error 
methods. 


Appendix 3 


EVALUATION OF THE GRADIENT 


In most engineering work, it will be sufficiently accurate to 
evaluate the gradient graphically by measuring the slope of the 
proper p-5 curve, and following this by experimental measure- 
ment if necessary. If desired, an exact mathematical expression 
may be obtained by differentiation. The process involves dif- 


ferentiaticn under the integral signs of the elliptic integrals, but 
it will always be found that the resulting integrals can be com- 
bined to express the results in terms of the tabulated integrals 
of the first and second kinds. It will also be found, in some cases, 
that the numerical work involves the difference of relatively large 
quantities, so that very accurate computation is required. 
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The authors discuss the multiplicity of possible crank 
arrangements for a nine-cylinder engine and devise a 
means by which certain crank arrangements can be chosen 
which will meet certain arbitrary requirements of re- 
ciprocating and rotating moments. The investigation 
has been limited to crank arrangements with 40-deg 
crank intervals. 


LTHOUGH relatively few nine-cylinder engines have 
been built, the necessity of meeting specified load re- 
quirements, coupled with the desire to use established 
cylinder dimensions makes their use desirable in certain instances. 
However, the multiplicity of possible crank arrangements in 
such an engine, of which there are 10,176 with equal crank 
spacing, makes the choice of a proper one difficult. 

A previous investigation by Schrén‘ covered only the 192 
crank arrangements having symmetry about the center crank. 
The condition of symmetry is of no practical importance and un- 
necessarily restricts the choice. With a marine application in 
mind, the authors accordingly decided to investigate the entire 
field. 

The criteria determining the proper choice of crank arrange- 
ment in any particular set of circumstances would be: (1) Best 
balance of the first- and second-order moment, and sometimes 
the fourth order; (2) reduction of certain of the torsional critical 
speeds; and (3) minimum bearing pressure and internal bending 
moment in the engine. 

The mere listing of all the possible crank arrangements being 
an almost prohibitively lengthy task, it was necessary to devise 
means by which those crank arrangements meeting certain arbi- 
trary requirements could be selected without reference to the 
others. The cranks are numbered from 0 to 8, rather than 1 to 
9, then the moment of any particular crank about crank 0 is 
proportional to its number. 

Crank 0 remains vertical and the others are interchanged. 
The numbers 1, 2, 3, 4, 5, 6, 7, 8, may be divided into two groups 
of four numbers each, such as 1, 2, 3, 4, and 5, 6, 7, 8. 

If crank 1 is retained in the left-hand member of the pair, a 
condition which insures that only one of a pair of crank ar- 
rangements which are mirror images is retained, there will be 35 
such basic pairs. These are listed and numbered for reference in 
Table i. 
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The Crank Arrangement of a Nine-Cylinder 
Engine 


By F. M. LEWIS,' E. E. BREAULT,? ann R. M. DONALDSON?® 


TABLE 1_ BASIC PAIRS OF CRANK SEQUENCES IN WHICH 
CRANK NO. 11S THE LEFT-HAND MEMBER 


E PAIR 
Pair L R 

1 1234 5678 

2 1345 2678 

3 1346 2578 

4 1347 2568 

5 1348 2567 

6 1245 3678 

7 1246 3578 

8 1247 3568 

9 1248 3567 
10 1235 4678 
ll 1236 4578 
12 1237 4568 
13 1238 4567 
14 1456 2378 
15 1457 2368 
16 1458 2367 
17 1467 2358 
18 1468 2357 
19 1478 2356 
20 13 2478 
21 1357 2468 
22 1358 2467 
23 1367 2458. 
24 1368 2457 
25 1378 2456 
26 1256 3478 
27 1257 3468 
28 1258 3467 
29 1267 3458 
30 1268 3457 
31 1278 3456 
32 1567 2348 
33 1568 2347 
34 1578 2346 
35 1678 2345 


Each member of one of these basic pairs can be permutated in 
24 different ways. Each basic pair was listed with the 24 per- 
mutations of each of its members. Any one of the permutations 
of the left-hand member of a basic pair, combined with any per- 
mutation of the right-hand member, and preceded by 0, con- 
stitutes a possible crank sequence. For example, from pair 21! 
the crank sequence would be 


0 — 3751 — 4268. 


The 0 will usually be dropped. 

Therefore, each basic pair gives rise to 24 X 24 = 576 crank ar- 
rangements, the total number being 576 X 35 = 20,160. Of these 
192 are symmetrical about the center crank and the remaining 
19,968 are nonsymmetrical. It is obviously immaterial from 
which end the cranks are numbered so that the number of in- 
dependent nonsymmetrical arrangements is 19,968/2 = 9984, 
and the total number 9984 + 192 = 10,176 independent crank 
arrangements. 

The authors constructed two transparent charts which are 
called the L and R charts. Fig. 1 is the R chart and is used with 
the right-hand members of the pairs. The L chart used with the 
left-hand members is a mirror image of the R chart. Consider- 
ing the part of the firing order 4, 2, 6, 8 for pair 21, it will be seen 
that by tracing round in the R chart through the points B, 2, 0, 6, 
Ag the portion of the moment polygon corresponding to the 
cranks 4, 2, 6, 8 has been followed. In similar fashion, the part 
corresponding to 3, 7, 5, 1 is found with the L chart. If the 
points B were made to coincide, the distance from Ag to Ax 
would be the unbalanced primary moment corresponding to that 
crank sequence. 


4 


The authors prepared a total of 35 sheets, similar to Fig. 2, } 
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one for each of the basic pairs and a point B was marked at the 
top of each. Using the L chart for each L permutation of a basic 
pair, the point B was made to coincide with point B on the sheet 
and the A, terminus marked through on the sheet and its per- 
mutation number noted. The R permutations were treated in 
the same way. Therefore, there are 24 L termini and 24 R 
termini on each sheet. Any L terminus combined with any R 
terminus constitutes a crank sequence and the distance between 
them the unbalanced first-order moment. Fig. 2 shows the list of 
termini for the basic pair 21. 

It was arbitrarily decided to reject all firing orders — an 
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unbalanced primary moment greater than (2Ww*ra)g from further 
consideration. A transparent scale with 2 in. as its greatest 
radius and ruled in concentric circles 0.1 in. apart, was prepared. 
Centering this on any L terminus, all of the R termini coming 
within the 2-in. radius were immediately evident. These crank 
arrangements were all listed with their unbalanced primary 
moment. 

For each of these the unbalanced secondary moment was 
determined as follows: 

Taking any firing order, such as 0, 3, 7, 5, 1,4, 2,6, 8, its second- 
order sequence can be immediately written down by writing the 
first five numbers with double spacing and then filling in the last 
four. Thus 


4 2 €.8 
the unbalanced moment of which is identical with 
0, 1, 8, 5, 6 7,3, 3,4 


Referring to Table 1 it is seen that this belongs to basic pair 
33, and referring to sheet 33, that is, a sheet similar to Fig. 2 
which was drawn for basic pair 21, the unbalanced moment of 
1, 8, 5, 6, 7, 2, 3, 4 can be immediately measured. 

All crank sequences in which the unbalanced secondary moment 
is greater than (4Ww?ra)/g have been rejected. 

There were found to be 192 remaining crank sequences satisfy- 
ing both of the foregoing conditions. From this number of se- 
quences, one of each pair of nonsymmetrical arrangements was 
eliminated and the list was further culled by discarding all crank 
sequences which were markedly inferior to some other sequence 
in the list. The remainder, representing the best of the original 
10,176, are listed in Table 2. 

It is desirable that adjacent cylinders should not fire in suc- 
cession in two-cycle engines because of the high bearing pressure 
that would result in the bearing between them. In a four-cycle 
engine with an 80-deg firing interval, this is not important. 
Crank arrangements in which no two cylinders fire in succession 
are listed separately in Table 2. 

The amplitude of the minor critical speeds is an important con- 
sideration. 


Fia. 1 Cart Usep Wirs Rigut-Hanp Mempers or Eacu Pair This amplitude is determined in part by the vector 
or CRANK ARRANGEMENTS sum 368 for all the cylinders where 8 is the amplitude of vibration 
Scale 
Unit L<B" Located 8” Above This Point 
| 5 
357 XR Termin’ 
1355+ 47515 
1537" +3175 
+1375 STB + 4.3715 +7518 
ct 8346x8406 
7/ 75; x 
x 4268 6284. 4806 x 6842 
«6482 
2648 4286 
2846 x 4862 
2864 4632 
2684 


Fic. 2. CHART FOR DETERMINING UNBALANCED First-OrpDER MoMENTs oF Pair 21 oF THE CRANK SEQUENCES 
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TABLE 2 SELECTED LIST OF PAIRS OF CRANK SEQUENCES 


First Second Third Fourth 
L R order order order order Pair 
No adjacent cranks in succession 

04716 3528 0.7 2.6 10.4 12.5 17 
08146 3527 1.0 2.2 6.2 15.0 18 
08146 2537 0.8 1.5 7.5 14.5 18 
05713 6428 0.8 3.8 14.2 7.3 21 
07351 8246 0.8 3.7 8.7 13.7 21 Symmetrical 
07146 3528 1.8 3.2 5.2 15.2 17 

18 2537 1.5 | 9.6 13.2 18 
08164 2537 1.1 2.8 4.6 15.5 18 
07418 2536 1.3 1.0 10.4 12.6 19 Symmetrical 
08173 5246 2.0 2.2 5.2 15.3 25 

Other arrangements 
05614 7238 0.9 3.8 15.6 5.0 14 Symmetrical 
06451 7328 0.5 1.4 10.5 12.6 14 
04715 6238 0.9 .3 15.6 5.0 15 
05714 6328 0.6 1.9 14.8 6.8 15 
08147 2356 0.2 3.5 32.3 10.6 19 
07418 2356 0.1: 1.6 13.8 8.7 19 Symmetrical 
07418 3265 0.9 :.3 15.5 5.0 19 Symmetrical 
07418 2365 0.6 1.9 14.8 6.9 19 
08163 4527 0.2 0.5 i 16.3 24 Symmetrical 
04715 6328 1.6 0.2 14.8 7.0 15 
05714 6238 0.9 2 15.6 5.0 15 
08317 2456 1.9 1.0 13.1 9.7 25 
07318 2456 2.0 1.0 13.1 9.7 25 
07516 3428 1.9 0.8 10.5 12.5 32 
Arrangements of smallest first-order moments 

07621 8345 0.028 8.5 9.7 8 29 
04816 2375 0.028 8.5 7.6 os 18 Symmetrical 


of any cylinder in the normal elastic curve and the 6 vectors are 
given their proper phase relation according to the order of the 
critical under consideration. While the form of the normal elastic 
curve is not known without calculation for each particular instal- 
lation, it can be stated that if 28 is small for a straight-line normal 
elastic curve it will, in general, be small for the actual normal 
elastic curve. The vector sums can therefore be formed taking 
8 for any cylinder equal to its cylinder number, and the quantity 
=8 will be a good indication of the relative importance of the 
minor criticals. 
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TABLE 3 VECTOR SEQUENCES OF CRANK ARRANGEMENTS 


Crank sequence Critical of the order Remarks 


First-order 1, 8, 10....3*/3, 51/2, 121/2 First-order reciprocating 
and rotating unbal- 
anced moments 

Second-order 2,7, 11....21/2, 61/2, 111/2 Second-order reciprocat- 
ing unbalance 

Fourth-order 4,5, 13.... 1/2, 81/2, 91/2 Firing sequence 

(four-cycle) reverse 


Nore: 4!/3, 9, and 13!/; are major criticals with all vectors in line 


The vector sequences, or phase diagrams, will group as shown 
in Table 3. 

It would perhaps be anticipated that with such a large number 
of crank arrangements to choose from at least one would be 
universally good in all respects. This is not the case, none exist- 
ing in which the vector sums for all four orders are small. The 
choice of firing order must therefore be made to best fit the exi- 
gencies of each particular case. 

In regard to balance, the symmetrical arrangement 0, 8, 1, 6, 
3, 4, 5, 2, 7 which was given by Schrén‘ is very satisfactory, but 
the sequence 3, 4, 5 would be undesirable in a two-cycle engine 
and the fourth-order group of criticals is large. 

The investigation has been limited to crank arrangements with 
40-deg crank intervals and, therefore, by no means exhausts the 
possibilities. For example, the nine-cylinder crank can be 
divided into three groups of three cranks in each of which the 
cranks are 120 deg apart. Each group of three cranks is in bal- 
ance as to primary and secondary forces but not as to primary 
and secondary moments. By shifting the three groups in phase 
with respect to each other it may therefore be possible to balance 
perfectly any one of the desired orders, and it is thus possible to 
obtain perfect first- or second-order moment balance in many of 
the crank arrangements listed. 


The 
| 
| 
| 
At 
| 
| 
| 
] | 
| 
| 


Torsion of Rectangular Tubes 


By WILLIAM HOVGAARD,' BROOKLYN, N. Y. 


This paper is a report on experiments’ with the torsion 
of rectangular mild-steel tubes undertaken to test the cor- 
rectness of the now generally accepted theory of R. Bredt,* 
based on a hydrodynamical analogy. The angles of tor- 
sion were determined, and the strains were measured with 
Huggenberger tensometers. While most of the strains 
were measured on the external surface of the tubes, in- 
ternal strains were measured in one tube. The observed 
angles of torsion were found to be in fair agreement with 
the theory, but the shearing stresses on the external sur- 
face were much higher and those on the internal surface 
much lower than the theoretical stresses. Breakdown of 
the tubes occurred while the theoretical shearing stress 
was still far below the yield point in shearing of the ma- 
terial. It appears that the theory does not give a true pic- 
ture of the stress distribution after plastic flow has oc- 
curred at the re-entrant corners, and as this may happen 
very early, dependent on the radius of the fillets, the theory 
may in some cases lead to a dangerous overestimate of the 
strength of such tubes. 


INTRODUCTION 


HE PROBLEM of determining the stresses in prismatic 
fe subject to a twisting moment was solved by Saint- 

Venant. Lord Kelvin pointed out a hydrodynamical an- 
alogy and Prandtl developed a membrane analogy, both of which 
facilitated approximative solutions. The hydrodynamical an- 
alogy was applied by R. Bredt*® to thin-walled rectangular tubes, 
and it is with the theory in that form that the present paper is 
particularly concerned. 

According to this theory the shearing stresses are conceived to 
behave in the manner of an ideal fluid, flowing with constant rota- 
tion around the tube between the inner and outer contour of the 
walls. The product of the stresses and the thickness of the walls 
at any point is constant. If the walls are of uniform thickness, 
the stresses are the same everywhere except quite locally at the 
re-entrant corners, where higher stresses exist, and at the external 
edges, where the stresses are zero. It is also conceded that a 
minor difference exists between the stresses on the external and 
internal surfaces, but the variation is assumed to be linear across 
the thickness, so that the shearing stress at the middle surface 
can be used as a generalized stress acting uniformly in the walls 
all around the tube. 


1 Professor Emeritus, Massachusetts Institute of Technology. 
Mem. A.S.M.E. 

2 The experiments described in this paper were conducted under 
the authority of the Bureau of Yards and Docks, and with the permis- 
sion of the Bureau of Construction and Repair of the U. 8. Navy 
Department in the material laboratory of the New York Navy Yard 
during 1935 and 1936. 

3 “Drang und Zwang,”’ by A. & L. Féppl, R. Oldenbourg, Berlin, 
1920, vol. 2, p. 128. 

Presented at the Joint Meeting of the Applied Mechanics and 
Hydraulic Divisions of THe AMERICAN Society oF MECHANICAL 
— held at Cornell University, Ithaca, N. Y., June 25-26, 

37. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until November 10, 1937, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Place an XY system of coordinates in a transverse section of 
the tube with origin at the axis as shown in Fig. 1, and let r, and 
t, be the component shearing stresses and 3 the angle of torsion. 
The normal stresses and 7, are assumed to be zero. 

Then the equation for equilibrium of the stresses is 

Or, or, 


1 
oy 


and the distortion of the tube is expressed by 
or 


oy = —2G9 = const............. [2] 
where G is the coefficient of rigidity. 
f 


“Stationary Stresses’ 
Plastic Material 
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Location oF Stress Lines THIN RECTANGULAR TUBES 


Fie. 1 


Let the mean or generalized stress be ry and regard it as a vec- 
tor with the components r, and r,, then according to Stokes’ 


theorem 
= 


hence 


where A is the area of the section of the tube comprised within 
the middle contour of the walls. 

Let ¢t be the thickness of the walls, here assumed to be constant 
all around the contour, and T the twisting moment; then, it 
follows from statics that 


Hence from Equation [4], the angle of torsion is 


where S is the total length of the middle contour and G is the coef- 
ficient of rigidity. 
The simple Equations [5] and [6] give the solution for tubes of 
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uniform thickness, and are probably accurate as long as the 
stresses everywhere are within the elastic limit. It appears, 
however, that when this limit is passed and when therewith the 
hydrodynamical analogy breaks down, there is reason to doubt 
the validity of the equations, especially since they have not—as 
far as known to the author—been tested thoroughly by experi- 
ments. 

The lines of principal stress run diagonally across the walls at 
angles of 45 and 135 deg to the axis, and the stresses in the two 
sets of lines are of equal magnitude but of opposite sign. At the 


re-entrant corners, where the lines change direction by an angle of 
60 deg, the stresses are greater in a measure which in the elastic 
When the twist- 


state depends upon the curvature of the fillets. 


ARRANGEMENT OF TEST APPARATUS SHOWING TUBE A IN 
THE TESTING MACHINE 


Fie. 2 


ing moment is increased, a point will be reached where plastic 
flow sets in at the corners, while the stresses in the straight part 
of the same lines may be still small or moderate. A longitudinal 
belt of plastic material forms along each of the re-entrant edges 
as indicated in Fig. 1. In the elastic material contiguous to this 
belt the principal stresses and the maximum shearing stress will 
be equal to that at the yield point in shearing and no increase in 
the twisting moment can further augment the stresses at this 
boundary. 

Let it be assumed as an approximation that, except perhaps 
near the ends of the tube where the twisting couples are applied, 
there are no shearing stresses between adjacent layers of material 
such as AA and BB shown in Fig. 1, that is, r, = 0. 

Then the stresses in the entire layer AA nearest to the internal 
surface of the wall, of a thickness dependent on the depth of the 
plastic belt at the corners, as indicated in Fig. 1, must remain 
stationary, and any additional twisting moment must be carried 
entirely by the outer layers. Gradually as the twisting moment is 
increased, the plastic zone at the re-entrant corners becomes 
deeper, the layer of stationary stresses becomes thicker, and the 
stresses in the outer layers increase progressively. Now the 


difference between the shearing stresses at the internal and the 
external surfaces will be greater than according to Bredt’s theory 
and it may be expected that breakdown of the tube will take 
place earlier than anticipated according to that theory. 

The experiments described in the following seem to confirm 
these views, but the previously offered explanation must be re- 
Further experiments and a 


garded chiefly as a suggestion. 
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mathematical analysis are required to throw full light on this 
problem. 

The only previous experiments on the torsion of rectangular 
tubes, known to the author, were those made in 1923 by George 
Vedeler.| Three very thin-walled riveted tubes were tested; 
the angle of torsion was observed, but no strain measurements 
were made. The tubes failed earlier than would be expected 
from Equation [5], a fact which was attributed by Vedeler to high 
stresses at the corners, but as the failures were accompanied by 
buckling and no strain measurements were made, this conclusion 
has been questioned. 

In order to study this problem in more detail, the author made 
a number of tests in which not only the angle of torsion but also 
the strains were measured. Altogether five tubes of mild stee] 
were tested, the first of which was built up of four plate strips 
welded together at the edges, and the other four were drawn. 
The tubes will be referred to in the following as A, B, C, D, and EB. 
Strains were measured on tubes C, D, and E. The tests were 
made in the material laboratory of the New York Navy Yard. 


DESCRIPTION OF THE EXPERIMENTS 


As the laboratory in the New York Navy Yard had no torsion- 
testing machine, it was necessary to improvise a mechanism by 
which torsion could be produced and by which the torque could 
be measured on one of the available ordinary testing machines. 
The general setup and all the details shown in Fig. 2 were con- 
ceived and developed by John Lind, senior material engineer of 
the laboratory. The tube to be tested rested on bearings at the 
ends and was welded to two parallel arms 36 in. long, one of which 
was held in a fixed horizontal position, being connected to a test- 
ing machine through a four-to-one lever, while the other arm was 
forced down by a turnbuckle. Two pointers near the ends of the 
tube permitted an exact determination of the torsional angle, and 
Huggenberger tensometers were employed to measure the strains. 
The load on the testing machine w, multiplied by 4 X 36 = 144, 
gave the twisting moment exerted on the tube in inch-pounds 
when equilibrium was established by means of the turnbuckle. 

The end of the tube farthest from the testing machine will be 
referred to in the following as the “A end,” and the nearest as 
the “Bend.” The side of the tube opposite to that on which 
the arms were fitted will be referred to as the “outer’’ side, the 
other as the “inner’’ side. 

The results obtained with the welded tube A, as also those with 
the first of the drawn tubes B which was unannealed, were not 
quite satisfactory since the welds in tube A and the unannealed 
state of tube B introduced elements of uncertainty. Moreover, 
no satisfactory strain meters were available in these tests. The 
following account deals therefore only with the last three tubes 
C, D, and E, which were all drawn and annealed and on which 
Huggenberger tensometers were used. It shall only be mentioned 
here that in the tests with tubes A and B, the observed angle o/ 
torsion showed a fair agreement with theory, but breakdown oc- 
curred earlier than might be expected. 


Test oF TuBEe C 


The dimensions of this tube were 3 X 3 X 0.070 X 52in. The 
material showed a yield point in tension of 24,000 lb per sq in., 
and an ultimate strength of 41,600 lb per sq in. with an elongation 
of 23.5 per cent in 8 in. The yield point in shearing may be a 
sumed to be at 0.577 times the stress at the yield point in tension, 
that is at 13,900 lb per sq in.* 

The tensometers were all set to '/:-in. gage length and so ar- 


*“On the Torsion of Ships,’’ by G. Vedeler, Transactions of the 
Institution of Naval Architects, vol. 66, 1924, pp. 164-187. 

5 bildsame Zustand der Werkstoffe,” A. Nd&dai, J. Springer. 
Berlin, 1927, p. 50. 
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ranged that there was the equivalent of a complete strain rosette 
on the center line; two placed diagonally at 45 and 135 deg to that 
line, one along that line, and one normal to it. Other instruments 
were placed near the edges. 

The readings of the tensometers were quite consistent. The 
instruments placed diagonally on the center line gave readings of 
practically the same magnitude, but of opposite sign, as might be 
expected, and the same was true of the instruments near the edges. 
The instruments placed parallel with and normal to the axis gave 
practically zero readings as they should do in pure torsion. 

Thus, the strains recorded by the diagonal tensometers were 
principal strains, and denoting them by «4 and 35, the corre- 
sponding principal stresses are found from 


mE € 
m? — | m 
mE € 
(+m + 
m? — 1 m 


where m is the reciprocal of Poisson’s ratio, taken equal to 10/3. 


Fie. 3) Srratn LInEs IN TuBE C 


The modulus of elasticity is taken FE = 39 X 10% and with ej 


= = +e we obtain 
om = —33 X X = —23.1 XK 10% 
oi = +23.1 X 10% 


Then the maximum shearing stress acts in the transverse plane 
and is 


Tmax = * (ou — om) = * 23.1 X 10% ...... [8] 


It was found that permanent deformations of the tube com- 
menced at w = 90 lb, at which load the diagonal strains had an 
average value of 550 X 10~*. 


A-133 
' 
(3.000 
12.000 t - 
| 
a | 
| 
w 
« 
00} 
| 
1 
| 6 
| 
x 
3, 
1000 4.2 | 
INCHES z 3 


Fig. 4 SHEARING STRESSES AT THE EXTERNAL SURFACE OF THE 
Top Watt or TuBE C 


The corresponding maximum shearing stress on the upper sur- 
face of the tube is determined from Equation [8]: tmax = 
3 (0125 — 04) = 23.1 X 550 = 12,700 lb per sq in. 

The theoretical mean stress for w = 90 lb, T = 12.960 in-lb, 
and with A = 8.58 sq in. is found from Equation [5]: 7. = 
12,960 
2 X 8.58 X 0.070 
the material is at 13,900 lb per sq in., so that breakdown occurs 
when the mean stress calculated according to theory is more than 

22 per cent below the yield point. 

Since the stress at the outer surface is 17!/2 per cent higher than 
that mean stress, it must be much smaller over large regiong of the 
inner surface, much more so than would be indicated by theory. 

At w = 100 lb the tube showed a distinct creeping deformation 
and the mill scale was heard cracking from the surface. The 
strain measurements then showed that the stresses were very 
close to the yield point. Strain lines began to appear close to 
and very nearly parallel with the edges as shown in Fig. 3. 

Fig. 4 shows curves for the stresses over the upper surface of 
the tube for various loads; they are all supposed to end at zero 
at the external edges, where there can be no shearing stress. The 
straight horizontal lines give the calculated mean stresses. At 
the bottom of Fig. 4 are given curves for the angle of torsion. 


= 10,800 lb per sq in., but the yield point of 


Test or Tuse D 


This was the only tube of nonquadratic section and was some- 
what heavier than any of the other tubes. Its dimensions were 
3 X 6 X 0.313 X 51 in. The annealed material showed a yield 
point of 35,500 lb per sq in. in tension, giving a yield point in 
shearing of 20,500 lb per sq in. The ultimate strength was 49,500 
lb per sq in. with an elongation of 25 per cent in 8 in. 

The tube was placed with the 6-in. walls horizontal and most of 
the strain measurements were made on the upper side for conven- 
ience, but a number of special measurements were made on the 
sides and under the bottom, and finally several complete series of 
strain readings were taken on the internal surface of the lower or 
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bottom wall together with correlated readings on the external or 
under surface of that wall. 

In the following the four walls will be referred to as “top wall,” 
“bottom wall,’’ “inner side wall,’”’ and ‘‘outer side wall,’ the inner 
wall being on the same side as the arms. 

The results of the first test series, in which only external strains 
were measured, are given in Fig. 5. It will be noted throughout 
that the stresses at the outer edge are much smaller than at the 
center line. 

At a load of 775 lb the instruments near the inner edge regis- 
tered a violent increase in strain of the order of four or five times 
the strain at 700 Ib, and also the angle of torsion showed a marked 
increase. Otherwise, within the elastic limit, the observed angles 
of torsion agreed fairly well with the theoretical values. 

The strains on the 3-in. side walls fell somewhat below those on 
the upper 6-in. wall. The strains under the bottom wall showed 
an almost perfect agreement with those on the top wall. 

The elastic limit of the tube as a whole was reached at a load 
of about w = 700 lb. At that load the maximum observed stress 
was 12,300 lb per sq in., which is 16.7 per cent higher than the 
mean stress 7) = 10,540 lb per sq in., while the yield point in 
shearing is at 20,500 lb per sq in. It appears from this, first, 
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Fic. 5 SHEARING STRESSES AT THE EXTERNAL SURFACE OF THE Top 
or TuBE D 


that breakdown took place much earlier than indicated by theory, 
and second, that stresses on the internal surface must have been 
relatively low except at the fillets. It seemed of great interest, 
therefore, to explore the stresses on the internal surface. 


MEASUREMENT OF STRAINS ON THE INTERNAL SURFACE OF 
Tuse D 
In order to get access to the internal surfaces, it was necessary 
to pierce at least one of the walls, and to avoid cutting too large 
openings, Mr. Lind developed a simple and ingenious device, 
hereafter referred to as a “transmitter,” constructed as shown in 
Fig. 6. It is made from a flat piece of steel, divided by a slot 
along the center line into two parts except at the middle, where 
a very thin bridge remains. This bridge, by virtue of its elasti- 
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city, acts as a hinge and permits the two members to move slightly 


relative to one another without offering any appreciable resist- 
ance. One end of each member carries a knife-edge which bites 
into the surface of the metal, while the 
other end is flat and polished, permitting 
the application of a Huggenberger tens- 
ometer. Narrow openings about 1 x 
'/, in. were cut in the top wall, the trans- 
mitter was inserted and made to bite in 
the metal of the bottom wall. The 
transmitter projected a little above the 
upper surface of the tube and the tens- 
ometer was fitted on top of it as shown 
in Fig. 7. 

The calibration of the transmitters and 
their application tothe tube together with 
the tensometers required a great deal 
of ingenuity, skill, and patience, but 
thanks to the able assistance of Mr. 
Lind and one of his assistants, junior 
material engineer W. Bailey, this was 
successfully accomplished, and consistent 
readings were obtained. 

Two such transmitters were made 
and, gradually as the tests progressed, 
more holes were cut in the top wall as 
required. In each test, tensometers were 
placed under the bottom directly below 
the transmitters on the internal surface. 
In every case a test series was run, be- 
ginning atw = 100 lb, progressing by in- 
crements of 100 lb to 700 lb and then 
again going back to 100 lb. 

The results are given in Fig. 8, which 
shows the location of the tensometers as 
well as the magnitude of the internal and 


Fig. 6 TRANSMITTER 

AND TENSOMETER FOR 

MEASURINGSTRAIN ON 

THE INSIDE SURFACE 
OF THE TUBES 


Fie. 7 MeasurinG STRAIN AT THE INTERNAL AND EXTERNAL SUR 
FACES OF THE Bottom WALL oF TuBE D 
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external strains or stresses for a load of 700 lb corresponding to a 
twisting moment 7 = 100,800 in-lb on the tube. 

The external diagonal strains on the lower wall are seen to pre- 
sent essentially the same picture as those on the top surface given 
in Fig. 5. 

The internal diagonal strains in the center line in the 45-deg 
and 135-deg directions are practically identical and can be con- 
sidered as principal strains. The corresponding shearing stresses 
are 6900 lb per sq in. while they are 12,650 lb per sq in. for the 
external surface, so that the former is only 55 per cent of the 
latter. 
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Fie. 9 CurRvEs or STRAINS AT THE INTERNAL AND EXTERNAL Sur- 
FACES OF THE Borrom WALL oF TuBE D at A Loap oF 700 LB 


The internal diagonal strains near the edges on the B side of 
the middle, where the tensometers are placed at 45 deg to the 
axis, are tensile and only about one third of the corresponding 
external strains, but on the A side, where the tensometers are 
placed at 135 deg to the axis, measuring compressive strains, 
they are as great or even greater than on the external surface. 

Fig. 9 shows curves for the diagonal strains both for the exter- 
nal and internal surface of the bottom wall for the 700-lb load. 
The curves for external strains run to zero at the edges, but those 
for internal strains terminate at the re-entrant corners, where the 
strain must be very close to that at the yield point in shearing, 
that is, e = 20,500/(23.1 x 10°) = 887 x 10-*. 


A-135 


Since tensile and compressive strains in the center line are 
equal to one another both on the internal and the external sur- 
faces, the curves of each set coalesce at the center line. 4 

It remains to describe the strains in directions normal to and 
parallel with the axis near the outer edge. As seen from Fig. 8, 
the external strains in these directions are small or negligible, but 
the internal strain, parallel with the axis, has a moderate compres- 
sive value, while that normal to the axis is quite erratic, being 
tensile and higher even than the compressive strain at 135 deg. 
These readings cannot be accounted for by errors in the trans- 
mitters or tensometers, since they were consistent within the 
ascending and descending series of readings between 100 and 800 
lb. They indicate a very disturbed condition in the internal sur- 
face near the re-entrant corners. 


Test or Tuse E 


The tests with tube H were made chiefly in order to study the 
stresses at points intermediate between the stations on the 
center line and those hitherto chosen close to the edges. It was 
felt that the curves of stress shown in Figs. 4 and 5, being deter- 
mined only by those stations and by the terminal points, were 
necessarily very approximate. 
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The dimensions of tube E were 4 X 4 X 0.192 X 5lin. The 
material showed a yield point in tension of 26,000 lb per sq in., 
an ultimate strength of 50,000 lb per sq in., and an elongation of 
27 per cent in 8 in. The yield point in shearing was at 0.577 X 
26,000 = 15,000 lb per sq in. 

The results of the tests are given in Fig. 10, and were rather 
unexpected, inasmuch as the stresses had a maximum not only 
at the center line, but also one on each side. This feature, al- 
though brought out very definitely in the present case, needs to 
be verified by further experiments. It would seem to indicate 
that stresses increase near the re-entrant corners, as also 
evidenced by the appearance of strain lines in this region. 

The observed angles of torsion were about 13 per cent smaller 
than the theoretical values. 


SUMMARY 


Table 1 gives the principal results of the experiments for the 
tubes C, D, and E at the point of breakdown. 


TABLE 1 RESULTS OF EXPERIMENTS WITH TUBES C; D, AND & 


Theoretical Shearing stresses 
Yield point Yield point mean shear- measured on center 
in tension, in shear, ing stress, line, Ib per sq in. 
Tube Ib persqin. lb persqin. lb per sq in. External Internal 
Cc 24,000 13,900 10,800 12,700 ne 
D 35,500 20,500 10,540 12,650 6900 
E 26,000 15,000 10,350 11,680 we 
Nore: During the tests there was no sign of buckling in any of the tubes. 
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Recent Work in Vibration 


By J. P. DEN HARTOG,' CAMBRIDGE, MASS. 


HE LAST report on vibration in this JouRNAL appeared in 

September, 1935, and was written by J. Ormondroyd. In 

the last two years, several hundred papers on the subject 
have appeared in the world technical press, and it would be out 
of place to attempt to give a complete list of them here. This is 
especially so since an excellent reporting and reviewing service 
is provided in the Zentralblatt fiir Mechanik, a magazine appear- 
ing approximately once a month and carrying short abstracts of 
nearly all papers in the entire field of applied mechanics. These 
are reviewed in English, French, or German, even if they are 
written in one of half a dozen other languages. The bibliog- 
raphy that constitutes the bulk of this report is, in fact, a selec- 
tion from those reviewed in the Zentralblatt in the last two 
years. Selection is arbitrary, in so far as papers on acoustics 
have been omitted as well as those written in languages other 
than English, German, or French or published in inaccessible 
journals. Even with those restrictions, the list is far from com- 
plete and represents merely an interesting cross section. 

The most notable development in vibration, in the opinion 
of the reviewer, in the last two years is the introduction of turned 
dynamic dampers to counteract torsional vibration in radial air- 
plane engines. These devices are now working satisfactorily in 
the airplane industry and undoubtedly will find applications 
in internal-combustion engines for all sorts of purposes in a short 
time. Briefly, they consist of some pendulous mass that is loose 
from the shaft and which, in swinging back and forth, creates 
counter torques in opposition to whatever disturbing torque 
may be acting. The history of this problem is interesting. 

The first paper on it, to my knowledge, is ‘Speed Equalization 
of Rotating Shafts by Oscillating Systems,’’ by E. Meissner, 
which was published in the Transactions of the Third Interna- 
tional Congress of Applied Mechanics at Stockholm in 1930, Vol. 
3, p. 199. In that paper, records are shown of shaft speed, with 
and without the device, which are very remarkable but evidently 
did not attract much attention. The next paper was pre- 
sented at the Fourth International Congress, Stockholm, 1934, by 
B. Salomon and was entitled ‘Equalization of Engine Shaft Speed 
by Means of Auxiliary Moving Masses.” Again in 1934, E. 
S. Taylor independently made the same invention as a con- 
sultant for one of the leading aeronautic-engine manufacturers 
of this country and recognized its great importance. Action 
immediately resulted; a good practical construction was invented 
by Chilton, and another was developed subsequently by Ryder. 
Taylor described his invention in a very readable article, ‘“Elimi- 
nating Crankshaft Torsional Vibration in the Radial Aircraft 
Engine,”’ which appeared in 8.A.E. Transactions, Vol. 31, 1936, 
pp. 81-89, and received the Reed Award of the Institute for 
Aeronautical Sciences. The following U. 8. patents on the sub- 
ject have been issued: No. 2,029,796 to Salomon and Nos. 
2,079,226 and 2,079,227 to Sarazin. 
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90 ‘Free Vibrations of Framed Structures With Masses at the 
Hinges,’ by Th. Péschl, Der Stahlbau, vol. 8, 1935, p. 41. 


WATER HAMMER 


91 “Variations of State in Water Conduits,’’ by L. Bergeron, 
Revue Générale d’ Hydraulique, vol. 1, 1935, pp. 12 and 69. 

92 ‘Water Hammer in Forked and Parallel Conduits,” by Ch. 
Jaeger, Revue Générale a’ Hydraulique, vol. 1, 1935, p. 126. 

93 ‘Theory of Water Hammer in Networks of Conduits,” by Ch. 
Jaeger, Comptes Rendus, vol. 202, 1936, pp. 627, 913, and 1482. 

94 ‘Pressure Shocks in Pipes, Causing Permanent Deformation,” 
by O. Schnyder, Wasserkraft und Wasserwirtschaft, vol. 31, 1936, p. 
$7. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


Suggested Letter Symbols for 
Mechanics of Solid Bodies 


U* DER THE auspices of the American Standards Association, 

and with representation from all interested organizations, 
including THe AMERICAN Society OF MECHANICAL ENGINEERS, 
the sectional Committee on Standard Letter Symbols for Me- 
chanics of Solid Bodies met in New York, N. Y., on April 29, 
1937, to receive preliminary reports from its subcommittees. 
Two of these submitted tentative lists for criticism. A list of 
standard letter symbols for the mechanics of solid bodies is pre- 
sented herewith. 


TENTATIVE List OF SYMBOLS FOR MECHANICS OF SOLID BoprEes 


SyMBOL 
Acceleration, due to gravity...................... 
Amplitude At 
Angular distance, angle. ...... 6 
Circular frequency (2 WOPD 
Coefficient of sliding jf orp 
Coefficient of temperature expansion.............. a 
Coordinates, BY 2 
Damping factor c 
Distance, linear (arc 8 
Eccentricity of application of load................ e 
E 
Elongation, unit (same as strain, unit normal)... .. € 
Force or concentrated load................0..000- PorF 
Frequency (harmonic motion).................... 
Gyration, radius k 
Height, depth, or thickness....................4. h 
Inertia, rectangular moment of (area)............. I 
Inertia, polar moment of 
Inertia, moment of (mass)...............0000e008 I 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Moment of force, including bending moment....... M 
Modulus of elasticity in shear.................... G 
Neutral axis, distance to extreme fiber............ c 
Number: also number revolutions per unit time... nor N* 
Period (harmonic motion).............. ere ee T or r§ 
Phase angle ¢ ora 
Pressure per unit of area................ p 
Shear, total in beam section................. eee 
Spring constant (load per unit deflection).......... k 
Statical moment of 
Strain, unit normal (same as elongation, unit)...... € 
Stress-concentration factor....................... K 
Thickness (same as height)...................... h 

Width (same as breadth). b 


The Committee on Standard Letter Symbols for Mechanics of 
Solid Bodies consists of the following: Prof. J. P. den Hartog, 
Mem. A.S.M.E., Harvard University; Prof. L. S. Jacobsen, 
Stanford University; Prof. J. M. Lessells, Mem. A.S.M.E. 
Massachusetts Institute of Technology; Prof. G. H. McCullough, 
Worcester Polytechnic Institute; Dr. J. L. Maulbetsch, Mem. 
A.S.M.E., American Association of Railroads; Prof. E. R. 
Maurer, Mem. A.S.M.E., University of Wisconsin; Dr. A. 
Nddai, Mem. A.S.M.E., Westinghouse Research Laboratories; 
Prof. F. B. Seely, University of Illinois; Prof. S. Timoshenko, 
Stanford University; R. W. Vose, Harvard University; H. M. 
Westergaard, dean of engineering, Harvard University; Prof. B. 
M. Woods, Mem. A.S.M.E., University of California; and R. E. 
Peterson, Mem. A.S.M.E., manager, mechanics division, West- 
inghouse Research Laboratories, East Pittsburgh, Pa., chairman. 

All those who have suggestions should communicate directly 
with Mr. Peterson. 


Nore: Subscript usage not included in table. 
for stress may be used in the following manner: oz, oy, os for directional nota- 
tion; oo, ov for steady and variable stress, respectively; ou for ultimate 
strength; oe for endurance limit, etc. 

* Given in order of preference. 

t hg @ for temperature in cases where both time and temperature are 
invo Vv 

i Also subscript such as 2 

; be t for period in cases where bot kinetic energy and period are in- 
vo. ved 


For example, the symbol 
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Discussion 


Stresses in Symmetrically Loaded 
Hemispherical Shells Having 
Tapered Edges’ 


Ernest A. Brooks.’ It is interesting to note that if we sub- 
stitute Equations [19] and [20] in Equation [7] of Professor 
Hollister’s paper, we obtain 


R3 
It ot cos ag — Mg sin | 


If now we let 8 = 7 and x = Ra be the meridional distance 


from the equator, we obtain, for the hemisphere with uniform 
equatorial loading, 


¢-8* (cos Bx — sin Bz) 


which is identical with the deflection of an infinite cylinder simi- 
larly loaded at an open end. Professor Hollister has thus pro- 
vided analytic verification of the usual assumption that the thin 
sphere is equivalent to the thin infinite cylinder. 


Design of Members Subjected to 
Creep at High Temperatures’ 


Cares Davenport.‘ This paper shows that the Saint Venant 
and Bailey theories in many cases give quite similar results. 
Perhaps attention should have been called to the fact that for the 


> Bailey’s theory reduces exactly to 


particular value m = 


Saint Venant theory. It is noted that several of the figures of this 
paper are for materials with a ratio very close to m = ~— 


so for these we would not expect much difference by using 
the two theories. 

Since the Bailey theory introduces an additional parameter, m, 
it will always fit the data better than the Saint Venant theory. 
This paper shows, however, that for materials in which m is not 


added of the Bailey 


greatly different from 


theory in many cases unnecessarily complicates the expressions. 
When using Equations [12] for the Bailey theory, one 
should be careful to use the following rule given by Bailey:5 
Whatever the magnitude of n — 2m, the sign of each term as a 
whole will be that of the expression inside the bracket. As an 
example, even if n = 6 and m = 2 as in the paper, (¢; — o2)"~*” 


1 By S. C. Hollister. Published in the March, 1937, issue of the 
JouRNAL oF Mecuanics, Trans. A.S.M.E., vol. 59, 1937, p. 
A-11. 

2 Engineer, Babcock & Wilcox Co., Barbeton, Ohio. 

3 By Joseph Marin. Published in the March, 1937, issue of the 
JouRNAL oF ApPLIED Mecuanics, Trans. A.S.M.E., vol. 59, 1937, 
p. A-21. 

4 Harvard University, Cambridge, Mass. 

5 “‘The Utilization of Creep Test Data in Engineering Design,’’ by 
R. W. Bailey, Proceedings of the Institution of Mechanical En- 
gineers, vol. 131, November, 1935, pp. 131-349 (p. 199). 


should be considered as a plus quantity if 0, > o: and as a nega- 
tive quantity if o. > o. It is obvious that neglect of this rule 
will lead to errors in the cases when n — 2m is an even number. 

This error from neglect of the sign convention has crept into 
Equation [16] of the paper and therefore in Fig. 5, and possibly 
in other curves using Bailey’s theory and not taken directly from 
the Bailey paper. This error in Fig. 5 happens to affect only (; 
when @ > 1 and C; when a < 1. Due to the fact that the ex- 
pression is raised to the '/. power, the errors become quite small 
so that the conclusions of the paper will not be altered. 

This necessity of a close watch of the sign convention, or of the 
physical picture behind the equations, can be avoided by choos- 
ing axes, as is usually possible, so that a; > o2 > o3. With this 
choice of axes the following equations give the correct signs by 
straight algebraic substitution of the stresses; several misprints 
of subscripts in the second equation of Equations [12] are cor- 
rected: 


a 


— + (02 — a3)? + (63 — 

— + — 
[(o1 — o2)? + (a2 — a3)? + (03 — 

— o3)*- 2" — (6, — 


gm +1 


The derivation of Equations [11] uses Equation [2] and the 
e 
substitution of C; = Se both of which require a stress distribu- 


tion that is constant with time. This would render Equation 
{11] inapplicable to the problem treated here of a thick-walled 
cylinder subjected to internal pressure, a case in which it is 
known that the stress distribution changes. For this reason it 
might have been worth-while to give a derivation, which is 
possible, that would avoid this restriction. 


AvuTHOR’s CLOSURE 


Mr. Davenport correctly points out that it is important to 
consider the sign of each term in Equations [12]. The writer 
cannot see that this matter was neglected in the paper. The 
analysis of the thick-walled cylinder was made, using other con- 
ditions and the Saint Venant theory. Only the final result was 
given in the article. 


An Electrical Resistance Method of 
Determining the Mean Surface 
Temperature of Tubes’ 


J. F. Downte Smiru.? It has been evident for some time that 
it would be necessary to have an accurate and simple method of 


1 By John H. Marchant. Published in the March, 1937, issue of 
the JouRNAL oF AppLieED Mecuanics, Trans. A.S.M.E., vol. 59, 
March, 1937, p. A-16. 

2 Assistant to chief engineer, Edw. G. Budd Mfg. Co., Philadel- 
phia, Pa. Mem. A.S.M.E. 
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measuring the temperature of a tube on the outside of which 
steam was condensing before quantitative data could be obtained 
on the heat-transfer coefficient from steam to metal. This need 
was not very great a few years ago because of (1) the inability 
to predict what type of condensation (drop or film) might be ex- 
pected, and (2) the inability to maintain either the one type or 
the other for long periods of time. Now, however, the situation 
is different, for it is possible to maintain either film or drop con- 
densation for several days of continuous operation as has been 
shown in the writer’s laboratory at Harvard University and in 
the chemical-engineering laboratory at the Massachusetts Insti- 
tute of Technology. 

Thus, the paper is timely and perhaps may be instrumental in 
enabling experimenters to determine heat-transfer coefficients in 
this particularly troublesome case of condensing vapor. How- 
ever, it should be stated that when the heat transfer through the 
tube is quite low, other methods available for finding the tube 
temperature have proved to be quite satisfactory. For example, 
the writer has used thermocouples embedded in a copper tube 
when steam was condensing outside and oil was being pumped 
through the tube. For such a case, where the heat transfer was 
low, the writer could check temperatures almost constantly to 
closer than 0.1 C. Unfortunately, the type of condensation was 
unknown in this series of experiments. 

Where the metal separates two liquids, several satisfactory 
methods are available for tube-temperature measurement. 

There are one or two minor points in the paper which are, per- 
haps, questionable. For example, the author states that “‘it is a 
known fact that the type of condensate (drop or film) has an ef- 
fect on the vapor-side coefficients of as much as 25 per cent at 
practical rates of heat transfer.”” This is a very conservative 
statement. Nagle, Bays, Blenderman, and Drew’ have measured 
steam-side coefficients 2000 per cent greater than those predicted 
by the Nusselt film theory, which checks film condensation 
roughly. 

In regard to the design of the apparatus, the writer believes 
that in order to eliminate end effects it would be better to meas- 
ure the potential drop over a section shorter in length than the 
complete distance through which the current moves in the tube. 
This would probably give a slightly different average tempera- 
ture from that obtained with the potential leads at the tube ends, 
but the difference should be negligible. 

The assumption that there is no temperature variation along 
the length of the test section is, as the author realizes, a question- 
able one. In particular cases data are available giving the longi- 
tudinal temperature variation in a horizontal pipe through which 
liquid was flowing and around which steam was condensing. For 
example, the writer has presented one such analysis.‘ 


W.S. Parrerson.’ Although the title of the paper does not 
specifically imply that this method of measuring surface tempera- 
ture is practicable for commercial use in power-plant apparatus, 
the author’s criticism of the accuracy of thermocouple measure- 
ments would lead one to believe that he intended that his method 
of measurements might without limitation take the place of 
thermocouples. The writer’s criticism of this paper, therefore, is 
that the method is only applicable to special laboratory apparatus. 


’“*Heat-Transfer Coefficients During Drop-Wise Condensation 
of Steam,"’ by W. M. Nagle, G. S. Bays, L. M. Blenderman, and T. B. 
Drew, Transactions of the Institute of Chemical Engineers, vol. 31, 
November, 1935, pp. 593-604. 

‘ Discussion of the paper: ‘‘Heat Transfer and Pressure Drop 
Data for an Oil in a Copper Tube,” by J. F. Downie Smith, Trans- 
actions of the Institute of Chemical Engineers, vol. 31, September, 
1935, pp. 588-591. See pp. 83-111 for the paper. 

5 Engineer in charge of contract checking, Combustion Engi- 
neering Co., Inc., New York, N. Y. Jun. A.S.M.E. 
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The various factors which have led the writer to make this state- 
ment are enumerated as follows: 

1 The variation in chemical composition of commercial tubes 
used in apparatus such as boilers, feedwater heaters and condens- 
ers, might be of such magnitude as to require numerous calibra- 
tion tests in order to make the equations applicable. 

2 Manufacturing variations in wall thickness for a given 
standard gage must also be considered since such variations would 
affect the electrical resistance per unit length of the tubes. 

3 In commercial apparatus we must contend with dirt on the 
outside of tubes and scale on the inside, both of which might af- 
fect the accuracy of the measurements. 

4 In commercial application there would be parallel circuits 
for the electric current to follow, which in many cases would 
have a lower resistance than the section of tube being tested. It 
would appear, therefore, that this method of making measure- 
ments could only be applied to tubes electrically insulated at the 
point where they join the tube sheets or headers. 

5 In those types of apparatus where single tubes pass through 
several passages operating at different fluid temperatures it would 
be impossible to determine the individual surface temperatures of 
the several portions of the tube for reasons stated under item 4 of 
the writer’s discussion. 


T. B. Drew.' This paper shows how an old technique of tube- 
temperature measurement may be made to yield directly the 
temperatures of the surfaces of the tube wall. Heretofore, the 
electrical resistance of heat-transfer tubes has been used only to 
indicate a mean tube-wall temperature. Therefore, the method 
described constitutes a commendable extension of heat-transfer 
technique. 

In regard to the theory of the method, two questions come to 
mind: 

1 What order of error is introduced by the author’s approxi- 
mate integration? 

2 Are there not ranges in which adequate accuracy would be 
secured by neglecting the curvature of the pipe wall so that inte- 
gration of the equivalent of Equation [2] of the paper could be 
effected exactly in terms of elementary functions? 

As a matter of fact no approximation is needed to integrate 
Equation [3] of the paper. If Equation [6] of the paper is used 
to eliminate ¢ in the integrand and the change in variable 


where b = oao/(1 — at), is made, there results 


4x*koor; dy 
qa ( gab; Iny 


This integral is the logarithmic-integral function, given as a series 
in most integral tables and tabulated, for example, by Jahnke 


and Emde. The usual notation, used by Whittaker and Wat- 
son, and Jahnke and Emde, is 
dz 
o Inz 


With this terminology, the result is 


* E. I. Du Pont de Nemours Co., Inc., Wilmington, Del. 
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1 ro 
li B (1 + ati) |] B(1 + ati) 


where B is the dimensionless group (4rk/qa). 

Equation [3] of this discussion cannot, of course, be solved ex- 
plicitly for ¢;. Nevertheless, since the function (li) is tabulated, 
a plot could be readily prepared of B(1 + at’) as abscissas and 
B(1 + at;) as ordinates with separate curves for various common 
values of ro/r;. 


AvTHOR’s CLOSURE 


Dr. Smith refers to some of his own work at low heat-transfer 
rates, in which temperatures as indicated by embedded thermo- 
couples were checked to within 0.1 C. This statement, while it 
is perfectly clear to Dr. Smith, may be misleading to others. For 
example, were these temperatures, that were checked to within 
0.1 C, the true point surface temperatures of the tube or were 
they merely reproducible temperatures that differed from the 
actual corresponding point tube temperatures. 

There is no doubt but that point temperatures in a surface 
upon which no condensation occurs can be measured to within 
0.1 C; and at sufficiently low heat-transfer rates, the point 
surface temperature can be regarded as the mean surface tem- 
perature of a restricted area in the neighborhood of the point at 
which the temperature was measured. The questions that now 
arise are: First, what is to be understood by a sufficiently low 
heat-transfer rate? Second, what criteria determine the extent 
of this restricted area just referred to? 

The term “sufficiently low heat-transfer rate”’ is a relative term 
and must be handled with care. What might be regarded as a 
low heat-transfer rate for one type of apparatus might be a high 
heat-transfer rate for another type. The author’s idea of a 
sufficiently low heat-transfer rate, in so far as it concerns the 
equivalence of a point surface temperature and the correspond- 
ing mean surface temperature of an area in the neighborhood of 
the point, is one such that the point temperature fluctuation in 
time over the area at issue is within the desired limit of error. 

The second question is much more elusive. This area may 
be specified as limited by the point temperature fluctuation within 
the limit of error as described in the preceding paragraph; but 
such an area would vary with the heat-transfer rate. Generally 
speaking, if the mean surface temperature of an extended sur- 
face is to be determined by a number of point surface tempera- 
ture measurements, there must be certain explicit criteria of corre- 
lation between the mean surface temperature and the corre- 
sponding point surface temperatures. These correlations are 
very difficult and frequently indeterminate. 

Dr. Smith is quite right in his suggestion that the potential 
drop should be measured over a section shorter in length than the 
complete distance through which the current flows in the tube. 
This idea was followed out experimentally, and it makes for much 
better reproduction of results. 

As Dr. Smith points out, there are some data on longitudinal 
temperature traverses; particularly, his own work, to which he 
refers, and that published by Hebbard and Badger.? Such data 
can only be considered as a qualitative indication of the facts, 
since the required longitudinal temperature traverses referred to 
in the paper must correspond to known and reproducible end 
conditions. 

7 “Steam-Film Heat-Transfer Coefficients for Vertical Tubes,’’ by 


G. M. Hebbard and W. L. Badger, Industrial & Engineering Chem- 
istry, vol. 26, April, 1934, pp. 420—424. 
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As Mr. Patterson has pointed out, this method is primarily a 
laboratory method by means of which it will be possible to study 
many pertinent heat-transfer problems. It offers a very accurate 
method of determining such useful quantities as film coefficients, 
as well as checking point temperature weights. Consequently, 
it will afford an indirect means of verifying some of the current 
ideas regarding the fundamental nature of the heat transfer across 
boundaries. Like most useful ideas, this method has its limita- 
tions; but it is the author’s conviction that its application with 
suitable modification will lead to results which will be of use to 
the designer of commercial equipment. 

With regard to Mr. Drew’s discussion: The approximation 
occurred in Equation [8] where the integral of the Lagrangian 
remainder term was dropped, thereby making it possible to 
solve what was left of Equation [8] as a quadratic in (1 + at»). 

The error in ¢ and ¢,; resulting from this approximation is very 
closely expressed as 


ag 
0.0000954 - 
E 


a 
0.00435 
k(1 + at,,) 


q 
— 0.000286 ~ — 0.440 
+ at,,)? 


for values of rp in the range r; < ro S 1.27; 

The general expressions for the errors in fo and ¢;, neglecting the 
longitudinal temperature variations, are given by Equations [125| 
and [13b] immediately following. 


dig = BE + — | dq—2 in dk + dry — dr, | (128) 
k r; To 


dt; 


il 


r; kor; To 
provided r; < rg S 1.27; 

For the range r; < ro S 1.27; adequate accuracy can be secured 
by neglecting the curvature of the pipe wall and integrating the 
corresponding equivalent Equation [2] exactly in terms of ele- 
mentary functions... However, here the same difficulty arises 
as when the “logarithmic integral function” is applied as Mr. 
Drew suggests—it is impossible to solve the resulting equations 
explicitly for¢;. From this point on, the problem may be handled 
as Mr. Drew has indicated, but this method of solution is tedious. 
It can be somewhat simplified by observing that for a given rate 
of heat transfer per unit length through tubes of a given k, the 
form of the radial temperature traverse through the tube wall 
depends only on the ratio of the tube radii. This makes it pos 
sible to solve a great variety of problems by cross-charting, using 


To 
the ratio of — as a common parameter. 


A Correction 


N PAGE A-38 of the March, 1937, issue of the JouRNaL 

or AppLiep Mecuanics, in Dr. O. Foppl’s discussion of 

the paper by Messrs. Horger and Maulbetsch, the following 

statement is made: “The change in specific weight of steel for 

a hydrostatic pressure of 12,000 atm(81 5 lb per sq in.) seems to be 

less than 0.1 per cent in all cases.” The data given should read 
“12,000 atm (176,000 Ib per sq in.)” 
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Book Reviews 


Introduction to the Theory of Linear 
Differential Equations 


INTRODUCTION TO THE THEORY OF LINEAR DIFFERENTIAL EQUATIONS. 
By E. G. C. Poole, Fellow of New College, Oxford. Oxford Uni- 
versity Press, New York, 1936. Cloth, 6'/, X 93/, in., viii and 
199 pp., figs., $6. 


ReEvVIew_ED BY H. W. BRINKMANN! 


HIS excellent text is intended, as the author tells us in the 

preface, for students who have had an elementary course in 
differential equations. Although the book is self-contained, it 
might be somewhat difficult for one who has not had the back- 
ground and elementary training that such an elementary course 
would furnish. 

The book begins with proofs of existence theorems for ordinary 
linear differential equations and simple properties of these solu- 
tions. Next the important case of linear equations with con- 
stant coefficients is treated in detail, by means of the Heaviside 
operational method. This method is of practical importance 
for such equations, especially when initial values are assigned to 
the solutions. 

After a short chapter on the formal properties of linear equa- 
tions, several chapters are devoted to equations with analytic 
coefficients. The form of the solutions is studied in detail. Then 
the remaining chapters contain applications of this general theory 
to the hypergeometric equation and the equations of Laplace, 
Lamé, and Mathieu. All of these equations had their origin in 
physical problems and detailed properties of their solutions are 
frequently required. 

The book is well-written and contains a great amount of ma- 
terial. Some of this is given in the form of exercises, frequently 
with references to the sources. It should be a valuable book 
to any one interested in this important subject. 


Physics 


THe RENAISSANCE OF Puysics. By Karl K. Darrow, Ph.D., 
Research Physicist, Bell Telephone Laboratories. The Macmil- 
lan Company, New York, 1937. Cloth, 5'/2 X 8%/,in., 306 pp., 
44 figs., $3. 


REVIEWED BY FRANCIs BITTER? 


HIS very readable book should be recommended to all who 
are interested in knowing something of recent developments 
in physics. 

In the first place the author has devoted himself for many 
years to the observation of physicists at work and to the inter- 
pretation of the results which they have achieved. He is there- 
fore especially equipped to write about “The Renaissance of 
Physics” just as in any field a really able critic can often present 
a broad subject far better than the specialized creators of the 
subject themselves. 

In the second place, Darrow is not only a careful and thor- 
ough student, but a most entertaining and witty talker. I know 
of few pleasanter ways of spending an afternoon than gossiping 
with him about this and that over a glass of wine in some odd 


‘Professor in the department of mathematics and astronomy, 
Swarthmore College, Swarthmore, Pa. 

* Associate-Professor, department of metallurgy, Massachusetts 
Institute of Technology, Cambridge, Mass. 


corner of Europe or America where he may be turning up just 
to see what is going on in the world of physics. 

In the third place, ‘The Renaissance of Physics” is a subject 
full of relatively new ideas of fundamental importance concern- 
ing the nature of the world around us. It is important that 
these ideas should be presented to the public in a form that is 
both accurate and understandable. 

The book itself begins by describing what physics and physi- 
cists are, and of how our notions of electricity grew from a few 
really old observations concerning static electricity, “through 
measuring to knowing,” first of the existence of electrons and 
atoms, and then also something quantitative about their be- 
havior. This discussion takes up roughly the first third of the 
work. The second third deals with the quantum theory, its 
application to atomic structure, and especially with “the mys- 
tery of waves and corpuscles.”” One of the most difficult tasks 
in writing this book must have been to make the reader under- 
stand why physicists are satisfied to regard both electrons and 
light sometimes as wave motion and sometimes as particles, 
and this difficult task has been quite satisfactorily accomplished. 
Finally there is a survey of nuclear physics, covering both the 
apparatus that has been developed for producing high voltages 
and a description of that most interesting recent development 
in physics, the transmutation of the elements and the discovery 
of new sorts of particles, such as neutrons, deuterons, and posi- 
tive electrons. 

The book is entirely nonmathematical and can be “under- 
stood” by anyone who will read it through attentively. I have 
put “understood” in quotation marks, as no one can hope to 
really understand so complicated a subject without making a 
detailed study of it. But since many people will say that they 
“understand” how an aeroplane flies simply because they often 
see one flying and in some vague way realize that it all has to 
do with propellers and wings and moving air, then they may with 
far better right claim to “understand” what the ‘Renaissance 
of Physics” is after reading Darrow’s book. 


Thermodynamic Properties of Steam 


THERMODYNAMIC PROPERTIES OF STEAM. By Joseph H. Keenan, 
Associate Professor of Mechanical Engineering and Frederick 
G. Keyes, Professor of Physicochemical Research, director of 
the research laboratory in physical chemistry, chairman of the 
department of chemistry, both at Massachusetts Institute of 
Technology. John Wiley & Sons, Inc., New York, 1936. Cloth, 
7 3/s X 10 in., 89 pp., illustrated, $2.75. 


REVIEWED By C. Harotp Berry? 


JR THE first time the American engineer has available a 
single volume presenting data on all three phases of water, 
solid, liquid, and vapor, within the range of the usual engineer- 
ing applications. The data are based upon a splendid program 
of research, sponsored by the A.S.M.E., extending over more 


‘than a decade. Leading investigators were engaged in the pains- 


taking task, and it seems safe to say that the values now pre- 
sented will stand for many years to come. 
The saturated-vapor tables, with both temperature and pres- 
sure as argument, present in convenient form the values of the 
*Gordon McKay Professor of Mechanical Engineering, graduate 


school of engineering, Harvard University, Cambridge, Mass. 
Mem. A.S.M.E. 
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quantities commonly used in engineering computations, and in 
addition the pressure table presents values of internal energy, 
which is useful in special cases. The superheated-vapor table 
extends to 1600 F throughout the range, and to 5500 Ib per sq 
in. 

The volume, enthalpy, and entropy of compressed liquid are 
presented in terms of their departures from the values for 
saturated liquid at the same temperature, for pressures up to 
6000 lb per sq in., and a chart presents the isentropic departures 
of enthalpy from the saturation values. Thereby it becomes 
easy to compute results for apparatus in which liquid water is 
subjected to high pressures. It is immediately evident that 
some widely used methods of computing these departures are 
far from correct; in some parts of the range they do not even give 
the proper sign. 

The properties of ice and of saturated vapor in equilibrium with 
ice run down to —40 F, and should prove convenient in low- 
temperature air-conditioning and refrigeration computations. 

Small tables give the viscosity and thermal conductivity of 
saturated liquid and of saturated and superheated vapor. 

One page presents in condensed array a large number of unit- 
conversion factors. 

There are charts giving specific heats and isentropic expo- 
nents for use in the equation p v* = constant. 

A two-page temperature-entropy diagram, with constant- 
volume loci in red, gives a useful pictorial representation of the 
field. 

Four-place logarithms to the base 10 and to the base e complete 
the volume. 

The accompanying Mollier enthalpy-entropy diagram, 26 
by 35 in., provides for readings sufficiently precise for many 
problems. For those who need greater accuracy, a large-scale 
Mollier diagram has been prepared, of which blue-prints may be 
obtained from A.S.M.E. headquarters. 

The introductory pages discuss the fundamental principles 
underlying the preparation of the tables, and should prove valu- 
able to those whose interest extends to such matters. For 
the practicing engineer, these pages will be of less service, but 
the tables will be none the less useful. 

It is earnestly hoped that all who work with steam or 
water will speedily adopt these new tables, so that we may 
avoid the confusion of dealing with computations based upon 
divergent data. The transition will naturally be somewhat 
confusing, since these tables show significant departures from 
the previous Keenan tables, but the satisfaction of using values 
that are undeniably closer to the truth should be ample justifica- 
tion for making the change without delay. 


Matthew Boulton 


Matruew Bovttron. By H. W. Dickinson. Cambridge: At 
the University Press; New York: The Macmillan Company, 
1937. Cloth, 6 X 93/4 in., xiv and 218 pp., XIV plates, 6 figs., 
$4.50. 


REVIEWED BY J. N. GoopiER‘ 


THs is acompanion volume to Mr. Dickinson’s work, “James 
Watt, Craftsman and Engineer,’”’ 1935. Boulton’s vital part 


4 Research Fellow in Applied Mechanics, Ontario Research Foun- 
dation, Toronto, Ontario, Canada. 
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in the development of Watt's engines gives him a prominent 
place in that book. But the author came to feel, and few read- 
ers will find ground for dissent, that Boulton’s stature can only 
be realized in a book devoted to him alone. The two books to- 
gether form a fascinating account of two complementary char- 
acters, each great in his own way. 

The inventive genius of Watt was not supported by robust 
determination. In his memoir on Boulton he says: “Through 
the whole of this business Mr. B’s active and sanguine disposi- 
tion, served to counterbalance the despondency and diffidence 
which were natural to me, and every assistance which Soho or 
Birmingham could afford was procured.” But for Boulton’s 
enthusiasm and enterprise Watt, the author considers, could 
hardly have succeeded in bringing his engine before the world, 
or in transforming the steam engine from a water-lifting machine 
into a generally useful prime mover. The importance of this 
development has undoubtedly overshadowed Boulton hitherto. 

The author’s interest is not narrowly biographical. He sketches 
the rise of Birmingham as a manufacturing center for the metal 
industries, a rise in which Boulton played the leading part. There 
is a valuable introductory chapter on the state of industry in 
England before and in the eighteenth century. He believes 
that “economic factors are not the only ones to be taken into 
account, as is too much the fashion, in tracing the rise or fall of 
a community. The human element is important, and in the 
case of Birmingham—all important!’’ He describes Birmingham 
as a place to which freedom from restriction and authority at- 
tracted men of advanced views, vigorous dissenters such as the 
Quakers who controlled the iron industry in the eighteenth cen- 
tury. New industries drew new blood, and men of invention, 
the source of new industry, found a welcome. 

New industry, the affairs of active business, were to Boulton 
as the breath of his nostrils. Ina letter to Watt he writes: “I was 
excited by two motives to offer you my assistance which were 
love of you and love of a money-getting ingenious project.” 
He was interested first in the engine as a possible remedy for his 
shortage of water power—hoping to raise water after it had 
fallen through the wheel and so use it over again! But the idea 
of mass production was germinating in his mind. When he 
saw the possibilities of Watt’s inventions, he wished to serve all 
the world with engines made with better tools than it would be 
worth any man’s while to procure for a single engine. He en- 
visaged a combination of manufacturing and merchanting—a 
manufactory with ample floor space, with water power, to bring 
together workmen in the various hardware trades. His Soho 
manufactory was one of the show places of Birmingham, and no 
distinguished visitor failed to see it. Chief among his pioneer 
products were, of course the Watt steam engine, Sheffield plate, 
ormolu, silver plate, mechanically reproduced pictures, and coins 
by power press. He was associated with many famous men; 
with Josiah Wedgwood in the production of ceramic objects of 
art, and in public life with Joseph Priestley, the chemist, and was 
a dominating figure in an interesting, rather informal, learned 
organization called the Lunar Society. He became a fellow of 
the Royal Society along with Watt. To his employees he showed 
an advanced paternalism, believing himself “the father of his 
tribe,’”’ founding for them an insurance society, taking country 
lads as apprentices without premium (—‘“all that betray any 
genius are taught to draw’’). 

The book is well written, and handsomely produced. 
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Fatigue Life of Tapered Roller Bearings 


By WILLIAM O. CLINEDINST,? CANTON, OHIO 


This paper develops a general fatigue expression, to- 
gether with a series of formulas covering contact stresses. 
The general equation is applied to the individual parts 
of the bearing and mathematical expressions for the radial 
and thrust capacities are developed for all operating condi- 
tions. Using the equation covering the radial capacity 
of a rotating cone as a basis, equivalent loading formulas 
are developed to cover other operating conditions. The 
use and limitations of the various formulas are discussed, 
together with the effect of materials, surface finishes, and 
manufacturing tolerances on bearing life. 


NOMENCLATURE 
The nomenclature used in this paper is as follows: 


a = number of rolls 
= deformation exponent 
c number of roll passes 
d mean diameter of roll, in. 
d,; = mean diameter of cone, in. 
d, = mean diameter of cup, in., ~d; + 2d (see Fig. 7) 


Ul 


= fatigue constant 

= length of roll, in. 

= number of stress reversals 

= number of stress applications per cone revolution 

= number of stress applications per cup revolution 

= life-curve exponent (load versus reversals), approxi- 

mately 3.32 

r = any roll 

life-curve exponent (unit stress versus reversals), 
approximately 6.64 


C, = constant 

C, = equation constant for thrust capacity of rotating 
cone 

E = modulus of elasticity 

ER = radial equivalent load 

H = bearing life, hr 

K, = constant 

Ky, = radial thrust equivalent constant 

K, = equation constant for radial capacity of rotating 
cone 

L = bearing load 

N = revolutions of rotating member 

P, = normal force between roll and cup 

P,’ = normal force between roll and cone 

R, = radial capacity of rotating cone 

R,’ = radial capacity of fixed cup 


radial capacity of rolls with rotating cone 


' Taken from a thesis presented to the Carnegie Institute of Tech- 
nology in partial fulfillment of the requirements for the professional 
degree of mechanical engineer. 

* Engineer, Timken Roller Bearing Company. Jun. A.S.M.E. 

Presented at the Annual Meeting of THe AMERICAN SocrEety oF 
MecHanicaL held in New York, N. Y., December 
6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


R, = radial capacity of fixed cone 

R,’ = radial capacity of rotating cup 

R,” = radial capacity of rolls with rotating cup 

S = bearing rpm or stress 

S,; = maximum contact stress between roll and inner race 
S,, = maximum contact stress between roll and outer race 
T, = thrust capacity of rotating cone 

T,’ = thrust capacity of fixed cup 

T," = thrust capacity of rolls with rotating cone 

T; = thrust capacity of fixed cone 

T,' = thrust capacity of rotating cup 

T,” = thrust capacity of rolls with rotating cup 

Tr, = thrust reaction of R, 

a = angle between adjacent rolls 

8 = one half included cone angle 

y = one half included cup angle 

5, = deformation of roll 1 and raceways 

e = one half included roll angle 

¢ = angle turned by cone between stress applications 


FaticuE Lire or TAPERED ROLLER BEARINGS 


The development of high-capacity, light-weight machinery 
has brought about an increasing use of antifriction bearings. 
Designers are constantly confronted with the problem of main- 
taining an economic balance in their designs, all the parts being 
designed for the same economic life. Easily replaceable parts 
may be designed for short, highly-stressed life when slight wear 
does not affect the accuracy or capacity of the machine. Yet 
other parts which are hard to adjust, repair, or replace, must 
be designed for the full life of the machine in which they are used. 

Antifriction bearings must be designed into modern equip- 
ment, not merely applied in place of plain bearings. Conse- 
quently, their life must be predicted in advance. This depends 
upon many factors, some of which are subject to rather exact 
calculations, others upon empirical formulas; others depend 
upon the experience, equipment, and reputation of the bearing 
manufacturer. In this paper it will be assumed that the quality 
of material and workmanship is uniformly high and that the 
need is for a mathematical analysis which will enable a bearing 
user or machine designer to predict the useful life of a bearing 
without actual physical test. Fig. 1 shows a typical tapered 
roller bearing. This paper presents a mathematical analysis 
of the fatigue life of bearings of this type. 

Cause of Fatigue Failure. Like other types of rolling element 
antifriction bearings, the useful operating life of tapered roller 
bearings is generally ended by the pitting or spalling of the 
rolling surfaces. Fig. 2 shows a bearing cone which has failed 
by spalling. Even though bearings will frequently operate 
satisfactorily for a considerable period of time after pitting or 
flaking out first occurs, complete failure in general closely follows 
the initia] spalling. Therefore, the first sign of pitting or spalling 
is considered to be the end of useful bearing life. 

It is generally conceded that this type of failure can be at- 
tributed to metal fatigue caused by repeated stressing of the 
rolling surfaces. Several theories as to the stress causing this 
type of failure have been advanced. Mundt (1)* believes that 
tangential stress in the direction of rolling is responsible for 


3’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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pitting failure in all types of antifriction bearings. This 
tangential stress is, for the case of two cylindrical bodies in 
contact, numerically equal to the maximum contact pressure 
between the bodies. Belajef (2) attributes the start of fatigue 
to shearing failure at the point of maximum shear below the 
center of the contact area. There the shearing stress is 0.3 of 
the maximum contact pressure. Way (3) explains that fatigue 


RoOLLER-BEARING CoNE 


Fia. 2 
Wuicu Has By 
SPALLING 


Fie. 1 Taperep ROLLER 
BEARING 


cracks in rolls develop into pits because of hydrodynamic oil 
pressure, but does not explain the cause of the initial fatigue crack 
which he believes occurs at the surface of the metal. This would 
indicate dependence of the start of failure on either the maximum 
contact pressure or the tangential stress. 

It is not the purpose of this paper to arrive at the correct 
criterion of failure but rather to develop a rational method for 
computing the load capacity of a tapered roller bearing that will 
result in a preselected operating life. Maximum contact pres- 
sure will be used as the critical stress upon which calculations 
are based. It should be observed, however, that the final ca- 
pacity formula will not be affected by this selection since the 
three stresses referred to above are definitely related through 
constants. 

General Fatigue Equation. It has been found in all types of 
fatigue testing that a relationship exists between the magnitude 
of stress and the number of applications to failure (4). This 
relationship is substantially independent of the rate of stress 
applications. For stresses above the endurance limit, this 
relationship may be satisfactorily represented by an exponential 
function. The results of innumerable tapered-roller-bearing 
tests show that a similar relationship exists between the magni- 
tude of stresses in rolling contact and the number of stress repe- 
titions to failure. This relationship can be expressed as follows 
for a constant value of repeated stress as occurs in tapered roller 
bearings operating under pure thrust loads 


where k = coefficient of fatigue, S = magnitude of stress, n = 
number of repetitions to failure, and z = exponent ~ 6.64. 

For any given size of bearing the Equation [1] reduces to the 
relationship 


where N = number of bearing revolutions to failure, L = bearing 
load, and p = exponent ~ 3.32. 
The coefficient k can be considered as the potential amount 
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of fatigue which can be endured before spalling of the rolling 
surface will occur. Because of the constantly varying contact 
stresses in a radially loaded bearing, an average value of fatigue 
per stress application must be found. Some consideration will 
show that this is equivalent to 4 


where k = fatigue coefficient, and c’ = number of stress applica- 
tions to repeating series. 

External and Internal Forces. In order to calculate the contact 
stresses between the rolls and races it first becomes necessary 
to determine the amount of external load carried by each roll. 
This must be known for both radial and thrust loads. 


RapiaLt Loaps 


The rolls in a radially loaded bearing do not all receive a like 
proportion of the load at all times. One half of the bearing is — 
entirely unloaded. As the rolls pass through the loaded half, } ; 
they carry loads which are dependent on their position in refer. 
ence to the direction of the external load as in Fig. 3. This 


i 
i 
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system is statically indeterminate and the local deformations — 
of the rolls and raceways must be used in calculating the pro 
portion of the load carried by the rolls in various positions. This 
method of solution for the distribution of forces in a radial 
bearing was first used by Stribeck (5) in 1901 for ball bearings. _ 

In the following discussion let R = radial load on bearing, — 
R, = force on roll r, a = number of rolls, a = 2x/a = angle 
between adjacent rolls, 5, = deformation of any roll r and the 
raceways, b = exponent. E 

The only existing analytical expressions for roll deformation — 
are highly involved. Therefore, it becomes convenient to u* — 
an empirical expression for roll and race deformation in calc — 
lating the distribution of the load to the rolls. Results  — 
laboratory tests indicate that little error is involved in cot — 
sidering that roll deformations vary as the two-thirds power” 
the load, as is the case in ball deformations. This makes tht ~ 
distribution of loads the same as in the ball bearings. Th 
deformation of a roll is given by the expression 


5, = const R,’ 


where b = 2/3. Then 
6 
Const = = 
Solving for 
6, 
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The deformation of any roll is 
6, = 5, cos Ta 
Substituting 5, into Equation [a] 
R,? = cos re 


or 
[b] 


From a vertical summation of forces 


R = R, + 2R; cosa + ... + 2R, cos ra 
where r S a/40rra S 


Substituting values for R, obtained from Equation (b], where 
b= then 


R = R, + 2R, cos’? a+ ... + 2R, cos’/*ra 
then 
R, 1 


1 + 2cos*'a+... +2cos’'*ra 


Multiplying by a 
R 1 + 2cos’*a+... +2cos/*ra 


Values of the function aR,/R have been calculated for from 10 
to 25 rolls and found to be for all practical purposes a constant 
equal to 4.37. Stribeck raised this constant to 5, in the case of 
ball bearings, to take care of geometrical inaccuracies in the 
bearing. Considering this to be also reasonable for tapered 
roller bearings, we have the following expression for the maximum 
roll load, letting aR,/R = C, =~ 5, then 


where C, ~ 5. The expression for the load on any roll r is 
obtained by substituting this value into Equation [b], or 


Fic. 4 Component Parts or A BEARING 


Throughout this discussion the inner raceway upon which the 
rollers operate will be known as the “cone” and the outer raceway 
as the “cup.” The component parts of a tapered roller bearing 
are shown in Fig. 4. 

In the following discussion let P, = normal force between 
roll r and cup; P,’ = normal force between roll r and cone; y = 
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one half the included cup angle, and 8 = one half the included 


cone angle. The following equations for the normal roll forces 

are obtained from Fig. 5 
R, C,R cos‘/* ra 
P, = [e] 
cos ¥ a cos y 
R, C,R cos’/* r 
cos ¥ a cos y 


Turust Loaps 


Where the bearing is operating under thrust load every roll 
carries an equal share of the load at all times. Let 7 = thrust 
load on bearing, P, = normal force between roll r and cup, 
P,’ = normal force between roll r and cone, y = one half the 
included cup angle and 8 = one half the included cone angle. 


The following expressions for the normal roll forces are derived 
from Fig. 6 


P,' = 


cos (y — 8) = 


Contact Stresses. It is reasonable to assume that the stresses 
in a slightly tapered roll such as is normally used in a tapered 
roller bearing will not be materially different from those existing 
in cylindrical rolls. Since the contact stresses are of a local 
nature, the contact-stress equations can be considered as valid 
also for thick-walled hollow rolls. The following expression for 
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maximum contact pressure between cylindrical bodies can be 


obtained from a paper by Thomas and Hoersch (6), or Timo- 
shenko’s “Strength of Materials” (7) 


ld d; cos 
PE cos _d cos y\ PE 
S,. = 0.59 (1 oso (1 + d/d;) 


- 
The maximum contact pressure for tapered roller bearings in 
normal operation is from 120,000 to 160,000 lb per sq in. 


APPLICATION OF GENERAL Fatigue Equation UNpER RapIAL 
LoaDING 


Radial Capacity of Rotating Cone. When a point on the cone 
passes under a roll in the load zone, stress is applied. The 


/ 2 2 
\\/\ 
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Fic. 8 


magnitude of this stress depends on the position of the roll in 
the load zone. Fig. 8 illustrates the angle ¢ involved when a 
point on a rotating cone passes from its position under a roll to 
a corresponding position under the adjacent roll Since the 
magnitude of each stress application is dependent upon the 
position of the roll in the load zone, it will be necessary to sum 
a series to obtain the value of fatigue. 
The equation for fatigue is 


c=C 
Nin 


k , 
c 


c=1 


where N,; = number of cone revolutions, ¢ = angle through 
which cone will turn per stress application, n. = +/g = number 
of stress application per cone revolution, c’ = number of stress 
applications to a repeating series, and S,; = contact stress be- 
tween roll and cone. 

For a point on the cone starting under any given roll to pass 
under the next adjacent roll it is necessary that the cone pass 
through the angle ¢ which must satisfy the conditions 


d; d; + d, 
4114 (d/d,) 


The maximum contact pressure for a roll in any position in the 
load zone becomes 


S,, = 0.59 ("2 (1 + d/d »| = 0.59 


\ cos’’ 
ald cos + 
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Substituting m and S,, into the — equation 


_ Nia [1+ (24/d,) 
{os 
C,RiE cos/* ce 


Mia (1 + 2d/d; 


1 x/2b 
cos ce 
c=l 
c=c 
1 x/2b 
Let K, = cos cy 


It becomes necessary at this point to investigate the function 
K,. The series must be continued until it starts to repeat itself 
in order to get a true average value per stress application. Since 
the number of stress applications occurring during the normal 
life of tapered roller bearings is in the order of billions, a point 
on the cone has a stress application in practically every angle 
of the load zone. Therefore, K, can be very closely approxi- 
mated by the following integral 


2 /2 
° 


When zx = 6.64, 6b = 2/3, and 2/2b = 5, then 


2 
K, ~ - cos* gdy = 0.341 


Substituting K, into the fatigue equation, then 


NiaK, 1+ 2d/d; 


4k 
Solving for R; and letting K, = =| 
then 
| 1 1 + (d/d,) 
Bi = | aya) Li + 


This is the radial capacity of the cone for the case of cone rotation. 


RELATIONSHIP OF CAPACITIES OF COMPONENT ParTs OF THE 
BEARING 


The capacity of each component part of the bearing has been 
found in a manner similar to the preceding for each operating 
condition, i.e., radial load with cone or cup rotation and thrust 
load with cone or cup rotation. These capacity equations and 
their complete derivations can be found in a thesis by the 
author (8). 

The relative capacities of the component parts for the various 
conditions of operation will be taken as the ratio of the capacities 
of the respective parts to the radial capacity of the cone as de- 
rived for the case of cone rotation. These relative capacities 
are as follows: 

For a constant life expectancy 


Ni = 


The relative capacity of the cup with cone rotation and radial 
load 


Ir 
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2/x 
1 


The relative capacity of the rolls with cone rotation and radial 
oad 


Ry’ a(d/d,) 
sil {1+ 2d/d,}*/? 


The relative capacity of the cone with cup rotation and radial 


load 
Ra () (7] 
‘R, 


The relative capacity of the cup with cup rotation and radial 
load 


= (1+ [8] 
1 


The relative capacity of the rolls with cup rotation and radial 
load 


a(d/d,) “ 
R, 1+ 1 
{1+ (2d/d,) }*? 
The relative capacity of the cone with cone rotation and thrust 
load 
2/x 
10) 


The relative capacity of the cup with cone rotation and thrust 
load 


C, tan y (1 + 


The relative capacity of the rolls with cone rotation and thrust 
load 


T," K 2/x 


1 


R, .. (12] 


The relative capacity of the cone with cup rotation and thrust 
load 


The relative capacity of the cup with cup rotation and thrust 
load 


R, 2 


The relative capacity of the rolls with cup rotation and thrust 
load 


2/x 
C, tan y (1 + 2d/d)' 


a(d/d,) 15] 


1 
{1 + (2d/d,) }*/ 


i+ 


In the preceding equations it is to be noted that 


R, R, R, R, R, 
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showing that under thrust loads all of the component parts have 
the same capacity with the cup rotating as they have with the 
cone rotating. 


SELECTION oF MemBers TO BE UseEp For Basis oF RaTINGs 


The foregoing expressions for the relative strengths of the 
bearing parts are quite involved and make a general comparison 
difficult. For this reason, the relative strength of the com- 
ponent bearing parts will be investigated for typical bearing 
proportions as follows: z = 6.64; C, = 5; K, = 0.341; d,;/d = 


5; y = 11 deg; and a = 15. Al) members are considered as 
being made of the same material. Therefore, 
= 0.579 
= 0.903 = 0.893 
T," 
= 1.26 = 0.730 
= 0.585 = 0.579 
= 1.26 = 0.730 


From the preceding, it appears that under radial loads the 
cup is the weakest member for cone rotation and that the cone 
is the weakest member for cup rotation. Under thrust loads, 
the cone is the weakest member, regardless of whether the cup 
or cone is rotating. This ehecks well with the results of labora- 
tory tests and applications in the field. The cone has been found 
to be the critical member for all cases except bearings operating 
under radial loads with cone rotation. For this case, the failures 
predominantly occur in the center of the cup load zone. How- 
ever, the life is substantially the same as if the cone was actually 
the critical member. 

In three out of the four possibilities the cone is the weakest 
member, while in the other case there is only a slight difference 
in strength between the cup and cone. For all practical pur- 
poses, therefore, the cone may be considered as the critical 
member in all cases. This greatly simplifies the rating and 
loading formulas. 


Basic Ratine Formutas Basep on A Rotatinc Cone 


Considering the cone to be the critical member, the basic 
rating formulas are 


1 1 + (a/a) 


These basic formulas are for pure radial or thrust loads for the 
case of cone rotation. The cases of combined loadings or cup 
rotating can be handled by the method of equivalent radial 
loads based on cone rotation. 


R, = 


ComBiINeD RapIAL AND Turust Loaps—Roratina CoNnE 


A tapered roller bearing operating under combined radial and 
thrust loads must have an imposed thrust load which is at least 
as large as the thrust reaction from the radial load. This re- 
actionary thrust is included in the basic radial capacity and must 
be subtracted from the imposed thrust load to obtain the effec- 
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tive thrust load. Equation [10] gives the relationship between 
radial and thrust capacity or loads. Rewriting this we have 


(2/K,)?/* 
Ti C, tan 


Let 


then R, = 


In Equation [18], R, is the radial equivalent of the thrust load 
T;. The radial load which is equivalent to a combined radial 
and thrust loading can be found with this expression. The 
effective thrust load is first transformed by means of this equation 
into an equivalent radial load which is equivalent, from the 
standpoint of fatigue, to the applied radial and thrust loads. 

Letting Ri: = imposed radial load, T,; = imposed thrust load, 
Tr, = reactionary thrust from R,, and ER, = radial equivalent 
load of R; and 7), then 


Tr = 
ER, = 


R tan Y 

R, + Ke(T; — Tr) 
R, + Ke(T, — R, tan y) 
R, + KeT, — Ke tan yR, 


ER, = 


but tan (F) 
2 b 
Ri 


G, 


ER, = Ri + KzTi — 


1 


This Equation [19] will be known as the radial equivalent of 
combined loads with cone rotation. 
OPERATION A Rotatina Cup 


A bearing operating under thrust load has the same load ca- 
pacity for cup rotation as for cone rotation. This can be seen 
from Equations [(10] and [13]. A bearing operating under 
radial load has less capacity when operating with the cup rotating 
than for the case of cone rotation. This difference in capacities 
can be taken care of by equivalent loading formulas as follows: 


Rapiat Loaps Wits Roratine Cup 
Rearranging Equation [7] we obtain 
2 2/x 
ER, = (2) [20] 


This expression enables us to determine mathematically the 
equivalent radial load capacity for a bearing operating with 
cone rotation from the actual radial loading of a bearing operating 
with cup rotation. 


Trust Loaps Wits Roratine Cup 
From Equations [10] and [13], we have 
=T; 
or from Equation [18] 
ER, @ Kgl 2... (all 


JOURNAL OF APPLIED MECHANICS 


These formulas show that under thrust loads bearing capacity 
is the same for both cone and cup rotation. 


ComBInED Loaps Roratine Cup 


By use of Equation [20], the applied cup-rotation radial load can 
be transformed into an equivalent cone-rotation radial load. 
To this we must add the cone-rotation radial equivalent of the 
applied thrust loads. From Equations [20] and [21] 


2 2/x 
ER, = (2) + Ke (T: T 
b 


Substituting 
T = R, tan 7 
then 
2 2/x 
ER, = (2) R, + — Ky tan y 
Substituting 


1 


Ky tan = C, 


we obtain 


This will be known as the cone rotation radial equivalent of 
cup rotation combined loads. 


SPEED AND Lire Factors 


To publish bearing ratings for more than one life expectancy 
and a limited number of operating speeds would necessarily 
occupy an excessive amount of catalog space. Therefore, it 
becomes desirable to publish basic ratings for some typical life 
requirement and operating speed. Factors can then be used 
to correct the capacities to the desired life and rotational speed. 
The following equation makes a convenient form for applying 
such factors 


(basic rating) (speed factor) 
life factor 


Corrected rating = . . [23] 


Speep Factors 
From Equation [2] we obtain 
where No = bearing revolutions to failure for load Lo, Ni = 


bearing revolutions to failure for load Z,, Ly = basic bearing | 


capacity, and L, = bearing capacity at desired speed. 


Letting H = bearing life, hr, and S = bearing speed, rpm, then | 


N = 60SH 


Substituting in Equation [k] and using subscripts 0 and 1 to 
indicate basic and desired conditions, then 


For the same life expectancy in hours Hy = H;, which substituted 
in Equation [1], and solving for Zi, gives 


So 2/x 
adit (3) 


Where 
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So 2/x 
Speed factor = | —] [24] 


Obviously this speed-factor relationship is not valid at zero 
speed as the speed factor; hence, the capacity would become 
infinite. Each bearing manufacturer must therefore determine 
by actual physical tests the maximum value of the speed factor 
to be applied in correcting basic ratings for use in practical de- 
sign problems. 


Lire Factor 
Substituting Sp = S, into Equation [{l] and solving for Z; 


Then 


H 2/x 
Life factor = 


WorKING ForMULAS 


The following formulas comprise those needed to calculate 
basic capacities, speed factors, life factors, and equivalent load- 
ings, the basic capacity formula having been based on an ex- 
pected life of 3000 hr at 500 rpm. Equations with identification 
numbers bearing primes are those obtained by substituting, in 
the equations identified by unprimed numbers, the following 
values: z = 6.64, C, = 5, K, = 0.341, N = 90 X 10. 


Capacity FoRMULAS 


The radial capacity 


Ky ' i 1 + (d/a) 


This equation is also applicable to cylindrical roller bearings by 
setting cos y = 1. 
Figs. 9 and 10 show curves which facilitate the use of Equation 


R, = 
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[4]’, and K;, is the general equation constant which is dependent 
upon the quality of materials, workmanship and design, as de- 
termined experimentally. By solving for Ki, this capacity equa- 
tion can be used to analyze claims of the various manufacturers 
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as to the load capacity of their bearings. Any large discrepancy 
found in the value of K; would indicate an excessive claim as to 
the quality of material and workmanship or that the capacities 
were not based on a preselected constant life expectancy. The 
radial thrust constant 


0.34 
[17] 
The thrust capacity 
1 
K, [18] 
Speep AND Lire Factors 
For the speed and life factors 
basi i s 
life factor 
S 0.301 
D1 
H 0.301 
Hy 


It is convenient to show the speed factors and life factors on 
curves; since they are exponential functions they will plot as 
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straight lines on logarithmic coordinates as shown in Figs, 
11 and 12. 


EQuIvaLent Loapine ForMULAS 
The equivalent loading formulas are 


ER, = 0.66R; + {19]’ 

ER, = KT; or T; = T3............... [21] 


ER, = 1.36R; -+ [22)’ 
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MEANING OF LiFe EXPECTANCY 


In closely controlled laboratory tests considerable variation 
has been found in the life of groups of identical bearings operating 
under identical loads. This must be attributed to the fact that 
it is physically impossible to manufacture any two pieces iden- 
tically alike, and to the fact that steel cannot be expected to be 
one hundred per cent homogeneous. 

In Fig. 13, the results of numerous tests on tapered roller 
bearings are shown in the form of a life scatter curve. Inspection 
of the curve shows a maximum variation or spread in bearing 
life of approximately 20 to 1. It will be seen that 58 per cent 
of the bearings fail below the average life of all. When pub- 
lishing capacities based on a specified life expectancy, it is there- 
fore necessary to state also what percentage of bearings may be 
expected to fail within that life. The usual practice is to base 
capacities on a life expectancy with 10 per cent failures. This is 
seen in Fig. 13 to be about one quarter or one fifth of the average 
life of all bearings. ; 


LIMITATIONS OF FORMULAS 


Materials and Surface Finish. The experimental constants 
K, and z of the basic capacity equation, [4]’, are dependent on 
the quality and type of the steel used as well as its metallurgical 
treatment. There are two distinct types of steel used in the 
manufacture of antifriction bearings—through hardening and 
carburized steel. Both of these can be heat-treated to obtain 
the hard surfaces necessary for long life. 

Surface finish has been found to have a very pronounced effect 
on the life of antifriction bearings. The finer and smoother 
the finish, the more resistant the rolling surfaces are to spalling 
and pitting. 

Manufacturing Tolerances. As was previously pointed out, 
the scatter in life of the same size bearings is caused by slight 
variations in physical dimensions and in the homogeneity of 
steel. Manufacturing tolerances and metallurgical variations 
should, therefore, be held to a minimum. 

Speed—Centrifugal Forces. In developing the formulas pre- 
sented in this paper, no consideration has been given to centrifu- 
gal force. This may have considerable effect on the permissible 
operating speeds of large bearings. High-speed tests will indicate 
the range through which the formulas can be expected to be 
valid for various sizes of bearings. Outside this range, the 
speed factors must be obtained experimentally. 

It has already been mentioned that the analytical speed factor 
cannot be valid at zero speed, since it and the corresponding 
theoretical bearing capacity would bécome infinite. This 
necessitates tests at low speeds to determine the actual speed 
factors and the critical value which must not be exceeded. 

Cages. There are in general two types of cages, the pocket- 
type and pin-type as shown in Fig. 14. Production practice at 
the Timken Roller Bearing Company is to use the pocket-type 
cage for small bearings and the pin-type cage for the larger sizes. 
For the pocket-type cage, the rubbing velocity between a roll 
and cage pocket is equal to the peripheral velocity of the roll. 
The pockets are designed so that adequate running clearance is 
provided between the rolls and pockets under all conditions of 
loading. 

The rubbing speed between a pin and hollow roll in a pin-type 
cage is much lower than between a cage pocket and roll. This 
makes the pin-type desirable for use in large bearings where the 
roll peripheral speed is high at low bearing speeds. The pins 
can be so spaced as to allow the maximum number of rolls to 
be placed in the bearing without their rolling surfaces touching 
and rubbing each other. 

This brings up the inherent disadvantage of the full comple- 
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ment cageless bearings. While there is a small initial clearance 
between the rolls, the rolls do not remain evenly spaced and are 
constantly touching and rubbing one another. When entering 
the load zone in a radially loaded bearing, the rolls are retarded 
by frictional forces and crowd each other. In a bearing operat- 
ing under pure thrust load, slight geometrical inaccuracies cause 
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the rolls to vary their speeds slightly and crowd one another. , 


The rubbing velocity between adjacent rolls becomes twice 
that of the pocket-type-cage bearing or twice the peripheral 
velocity of the rolls. This higher rubbing speed causes rapid 
wear of the rolling surfaces and reduces their resistance to 
pitting or spalling failure. Experience shows that this decrease 
in life more than offsets the theoretical gain in capacity by the 
omission of the cage and the insertion of rolls to form a full 
complement. The constant K, of the basic capacity equation, 
{4]’, must therefore be lower for the full-complement bearing 
than for the cage-type. 
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Modern Aids to Vibration Study 


By E. H. HULL,’ SCHENECTADY, N. Y. 


Many advantages are pointed out for the portable 
cathode-ray oscillograph combined with an electrical 
vibration pickup for general vibration study. Represen- 
tative types chosen from the three principal classes of vibra- 
tion pickups (displacement, velocity, and acceleration) 
are described. The particular uses for these several types 
of pickup and their assembly with oscillographs and am- 
plifiers are described as well as experimental methods for 
determining frequency and phase. . 

The paper concludes with a description of the use of this 
assembled apparatus in the following four vibration prob- 
lems: detection of out-of-round journals and other 
extraneous causes of vibration when balancing large ma- 
chines; comparison of the residual sources of vibration in 
well-balanced ball-bearing high-speed motors; measure- 
ment of commutator roughness; and the investigation of 
high-frequency noise in small single-phase motors. 


oscillograph combined with pickup devices responding elec- 

trically to some function of a vibratory motion has made the 
study of that motion graphic, simple, and quite exact. The 
usual assumption that vibrating motion is composed of one or 
two pure sine-wave components is seen to be erroneous. Instead 
we find that most vibrations are complex affairs which, however, 
can be quickly analyzed into their most important components 
by the use of these newer methods. Also when we have a picture 
of the vibration before us we can see immediately the effect of 
any small change made in the vibrating apparatus. The method 
usually can be made to tell us graphically in which part of the ap- 
paratus each component of a vibration originates. 

This apparatus for vibration study consists of a suitable vibra- 
tion pickup, a voltage amplifier when necessary, and a portable 
cathode-ray oscillograph as sketched in Fig. 1. Pickup devices 
fall naturally into three classes according to which of the following 
functions of the vibratory motion is measured: displacement, 
velocity, or acceleration. 

Devices producing an output proportional to displacement or 
amplitude are uncommon. One form, sketched in Fig. 2, modu- 
lates the light from a source L by means of two sets of multiple 
slits S, and S;, one set remaining stationary in space while the 
other set is moved with the vibration being measured. The 
modulated light falls on a photocell C causing a modulation of 
the current passing through that cell. The alternating com- 
ponent of this current is amplified and projected on the oscillo- 
graph screen. 

The relations among the three fundamental properties of a 
vibration which can be measured (displacement, velocity, and 
acceleration) are indicated by differentiating the expression for 
vibration displacement. 


‘po ADVENT of the inexpensive portable cathode-ray 
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z= A sin wt 


= Aw cos wt 


ll 
| 


— =a = sin wt 


where A = half amplitude of vibration, w = frequency in radians 
per sec, z = instantaneous displacement, » = instantaneous 
velocity, and a = instantaneous acceleration. 

From these expressions descriptive of a vibration it is seen that 
integrating the velocity of vibration will give displacement. Since 
vibration pickups of the velocity type are relatively easy to build 


GO~A.c. 
OSCILLOGRAPH 
Device &, 
d 
VIBRATING OBJECT AMPLIFIER 


Fic. 1 Schematic DIAGRAM OF THE ASSEMBLED APPARATUS 


| 
ac. | Glass 
| 


Fie. 2 DispLaceMENT Pickup 


INPUT 
OuTPuT 


Fig. 3) INTEGRATING 


and the integration can be performed in a simple electrical circuit 
this method of displacement measurement is useful. Draper (1)? 
has built integrators to interpose between a velocity pickup and 
an oscillograph for giving vibration displacement on an oscillo- 
graph record. Dr. H. L. Schultz, working in this laboratory, 
has used the simple circuit shown in Fig. 3 for the same purpose. 

Fig. 4 illustrates the difference between velocity and dis- 
placement records. In this oscillogram the upper trace is the 
wave form of a two-component vibration containing a fundamen- 
tal and one harmonic at approximately four and one-half times 
the fundamental frequency. Below is a trace of this wave after 
integration by the circuit shown in Fig. 3. The emphasis placed 
on higher frequencies is quite apparent in the upper curve. For 
balancing work and other problems involving single low fre- 
quencies the lower or displacement wave would be more useful, 
whereas for general vibration elimination the upper or velocity 


? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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curve frequently gives a more graphic presentation of the dis- 
turbances to be eliminated. 

The same integrating circuit will work equally well in reducing 
the output of an acceleration-type pickup to velocity or two such 
circuits will perform the double integration from acceleration to 
displacement. 

Vibration pickups giving an output proportional to velocity 
are the most common since a moving coil in a stationary field 


Fic. 4 (ABovE) AND DISPLACEMENT (BELOW) CURVES OF 
THE SAME VIBRATION 


gives a voltage output proportional to the rate of cutting flux, or 
to the velocity of vibration. Fig. 5 gives the general arrange- 
ment of such devices. As can be seen the principle is similar to 
that of a radio loud-speaker worked backward. 

Several mechanical difficulties present themselves in this type 
of apparatus. In general it is desired to maintain the outer 
frame carrying the magnet stationary in space while the coil 
actuated by the vibrating object moves in the magnet air gap. 
Some spring force between the coil and magnet is required to 
keep the coil pickup rod in contact with the vibrating body. 
Also an alignment device is necessary to maintain the coil radially 
centered in the air gap. Since one and sometimes both of these 
devices employ springs we have a natural frequency of the magnet 
on these springs. This natural frequency causes difficulties in 
measuring low-frequency vibrations since these frequencies may be 
in the resonant range of the pickup device. This resonant range 
can be lowered by adding negative springs (2) between the moving 
coil and magnet. In one case this natural frequency was reduced 
to 1.5 cps allowing measurements to be made from 5 cps and up. 

Another difficulty is encountered in separating the various 
directional components of the vibration to be measured. For 
instance the motor of Fig. 1 may be vibrating in a circular motion 
while it is desired to measure the horizontal component of that 
motion only. The vertical component will move the pickup 
rod in that direction causing bending in the rod or tipping of the 
pickup unit. In this way the vertical component may introduce 
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a horizontal component of motion in the vibration pickup. 
This can be reduced considerably by a joint in the pickup rod as 
sketched in Fig. 6. 

Fig. 7 shows several vibration-pickup devices Nos. 1 to 6 pro- 
ducing an output proportional to velocity, while No. 7 responds 
to acceleration. No. 1 was originally developed for balancing 
work (2) but is well-suited to general vibration study especially 
at low frequency since it contains a negative-spring device. No. 
2 is a less expensive apparatus put together from loud- 
speaker parts and intended to be held in the hand or supported 
on some nonvibrating object. ‘This model is separately excited 
from 115 v direct current whereas all other velocity pickups illus- 
trated contain permanent magnets. Pickup No. 3 contains the 
flexible pickup rod sketched in Fig. 6. No. 4 is supported by 
four flat vertical springs arranged in such a manner that gravity 
acts against the restoring force of the springs thereby lowering 
the natural frequency of the pickup on these supports. The 
detecting unit illustrated as Nos. 5 and 6 was developed (3) for 
use in general vibration work to be held in the hand or from a non- 
vibrating support as shown in No.5. When mounted in a cradle 
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Fic. 6 Jotnrep Pickup Rop For VIBRATION-DeTecTING Devices 


as in No. 6 this device can be used for building and machine vi- 
bration without the need of providing a nonvibrating reference 
point. 

The common devices to indicate vibration acceleration consist 
of a piezoelectric crystal, usually Rochelle salt, so mounted that 
vibration of the instrument case imposes an inertia force on the 
crystal due either to the mass of the crystal itself or to an added 
mass. This force strains the crystal slightly thereby generating 
a voltage between the crystal faces. Care must be exercised to 
operate the crystal only at frequencies below its mechanical 
resonance point which may occur in the range of from 1000 to 
4000 eps or above according to the type of construction employed. 
Device No. 7 in Fig. 7 is an acceleration-type crystal pickup of 8 
standard make available in the market. 

Any one of these three types of vibration detector may use the 
same type of amplifier if the pickup output is not sufficient to 
actuate the oscillograph directly. The wiring diagram of a 
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Fra. 8 


suitable single-stage amplifier and rectifier for operation from 
115 v alternating current is given in Fig. 8. Amplification is 
sufficiently linear in the frequency range of from 5 to 6000 eps for 
normal measuring purposes. By means of a tap switch three 
values of gain can be obtained: 1, 7, and 70. Another stage of 
amplification can be added if necessary. 

Several portable cathode-ray oscillographs are available at low 
cost for this kind of work. One popular type has a 3-in. tube 
screen, built-in amplifiers with gain control for vertical and hori- 
zontal motions of the spot, several choices of timing devices, and 
means for synchronizing the internal timing with the input fre- 
quency. 

Usually the input from the vibration pickup and amplifier, if 
one is used, is placed on the oscillograph terminals marked ver- 
tical. The horizontal terminals are not used directly but are 
internally switched to a ‘‘saw-tooth” timing wave generated by 
an oscillator built into the oscillograph. This wave sweeps the 
cathode-ray spot across the screen at a constant speed and re- 
turns it to the starting point nearly instantaneously. By adjust- 
ing dials on the front of the oscillograph the frequency of this 
sweep circuit may be varied in one model from as low as 4 eps to 
about 20,000 cps. This allows the operator to cause any wave or 
series of waves within this frequency range to remain stationary 
on the screen. The sweep-circuit frequencies may be calibrated in 
terms of the dial settings so that frequency can be determined for 
any wave which can be held stationary on the oscillograph screen. 
One portion of this calibration was carried out by the author using 
a set of tuning forks covering the range of from 60 to 4000 cps and 
an acceleration-type pickup. The base of a fork was held against 
the pickup point and the fork struck with a rubber hammer. As 
the fork vibrated the frequency knobs on the oscillograph were 
adjusted to give one stationary wave on the screen. These dial 
settings were noted and another fork used until the range of the 
forks was covered. Frequencies below the range of the forks can 
be obtained from an unbalanced variable-speed motor. A 
sample frequency-calibration plot is shown in Fig. 9. On the 
oscillograph used there are two dials to adjust frequency, a step- 
by-step adjustment marked “range” and a continuous variation 
marked “frequency.” The use of these in Fig. 9 is obvious. 


By means of this frequency calibration it is possible to make 
rough analyses of complicated wave forms obtaining the fre- 
quency and approximate amplitude of the principal harmonics. 

When an external amplifier is used with the oscillograph and 
pickup it should be adjusted for the minimum gain necessary to 
give full-scale readings on the oscillograph sereen using full-gain 
on the oscillograph amplifier. 


If a high gain is used in the exter- 
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nal amplifier and the screen amplitude cut down with the oscillo- 
graph amplifier, wave distortion may occur. 

Permanent records of nontransient wave shapes appearing 
on the oscillograph screen can be made in two ways. An approxi- 
mate record may be obtained by holding a piece of thin paper 
over the screen and tracing the wave with a pencil. Photo- 
graphs (4) may be taken by focusing a camera on the oscillo- 
graph screen in a slightly darkened room and exposing at f 4.5 
for '/s sec or equivalent. 

Any of these vibration detectors for displacement, velocity, or 
acceleration can be calibrated on a device such as described by 
Greentree (5). In this apparatus an electrically driven mechani- 
cal sine-wave motion is impressed on the device to be calibrated. 
The displacement of the mechanical motion can be optically de- 
termined simultaneously with the reading of the instrument on 
calibration. From the displacement and frequency of the pure 
sine wave, velocity or acceleration values can be calculated. 

In most work on vibration elimination no accurate calibrations 
are necessary since it is often sufficient to find the source of a 


vibration and obtain comparative intensities before and after 
treatment. 
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There appears to be a definite field for each of the three types of 
vibration-detecting instrument. For low-frequency work and 
investigations leading to the determination of stresses, displace- 
ment is the correct property to measure. Further it is the tradi- 
tional unit for use in connection with vibration studies and there- 
fore preferred by many individuals. 

Vibration-velocity values give somewhat more weight to the 
higher-frequency components of a nonsinusoidal vibratory mo- 
tion as previously pointed out in connection with Fig. 4 since 
maximum velocity is proportional to the product of maximum 
displacement times frequency. This brings velocity more nearly 
in line with the physiological reactions of an individual to vibra- 
tion. This property of vibration might well be used as a stand- 
ard of measurement for apparatus which is capable of creating 
human annoyance. Devices for measuring velocity are simple, 
small, and accurate. 

Measurements of vibration acceleration place great emphasis 
on the higher-frequency components, proportional to displace- 
ment times the square of the frequency. This property is es- 
pecially useful in investigating sound-producing vibrations and in 
cases where a large number of comparative measurements must 
be made in a short time holding the pickup device in the hand. 
In one case it was possible to measure the displacement of a 1550- 
eps component of a certain vibration at 1.2 ten millionths of an 
inch while holding the pickup by hand. 

For special applications electrical filters can be used with any 
of the three general types of pickup device. Low- or high-fre- 
quency blocking filters are simple while band-pass filters are 
more complicated. 

The relative phase of two vibratory motions can be studied by 
attaching two similar pickups in parallel so that their outputs 
will add when the motions which they are detecting are in phase 
and subtract when they are out of phase. In the case of a 
rotating shaft and a resulting vibratory motion, contact points 
attached to the shaft which momentarily short circuit the output 
of the pickup will give an unmistakable indication of shaft phase 
on the oscillograph screen. The direction of movement of the 
oscillograph spot in relation to movement of a velocity pickup 
device can always be determined by tapping the sensitive point 
of that pickup. 

Phase and frequency relations of two vibratory motions can be 
determined from the Lissajou figures resulting from placing the 
output from one vibration pickup on the horizontal plates and 
the output from the other on the vertical plates of the oscillograph 
tube. No timing wave is used in this case. 

Natural frequencies of the various parts of an assembled prod- 
uct can be conveniently obtained by means of the pickup, ampli- 
fier, and oscillograph combination described. The pickup is 
held against the part to be investigated near a point at which a 
node would be expected to occur. Excitation is produced by 
striking the part with a wooden block or a rubber hammer. Ad- 
justments of the dials controlling the frequency of the oscillo- 
graph are made until a single wave appears on the screen. The 
natural frequency of the part for that particular mode of vibration 
can then be read from an oscillograph frequency-calibration 
graph similar to that shown in Fig. 9. Other natural frequencies 
of the same part in different modes of vibration can be obtained 
by variations in the positions and directions in which the pickup 
is held, and the part struck. A little study will definitely deter- 
mine the form for each mode of vibration. 

This method can be extended in the following manner. When 
the vibration of an assembled product such as a machine tool is 
being studied, one troublesome frequency component may be 
suspected of being due to a natural frequency of some one of the 
machine parts. The oscillograph is then set to show one wave of 
the vibration of this component on the screen. After stopping 


JOURNAL OF APPLIED MECHANICS 


the machine it is gone over thoroughly by tapping with a rubber 
hammer. When the resonant part is struck in the correct direc- 
tion a single wave will appear on the oscillograph screen indicat- 
ing that this part has the same natural frequency as the trouble- 
some component previously observed. Further simple experi- 
ments will prove definitely whether or not this part was the of- 
fending member. 

One of the first examples we saw of the great possibilities of the 
cathode-ray oscillograph in vibration work occurred in balancing 
the rotor of a large electrical machine. It appeared impossible to 
reduce the vibration of the machine below a certain point by the 
addition of balance weights. Velocity pickups were then 
mounted on the machine bearings and the wave form of the 
vibration examined. It was immediately seen that there were 
three vibrations per revolution of the machine rather than one as 
would be caused by a mechanical unbalance. As a result of this 
observation a three-sided shaft was predicted, found, and cor- 
rected. There were no further balancing difficulties experienced 
with this machine. 

Some purchasers of a-c ball-bearing polyphase motors for 
driving machine tools are specifying a mechanical balance to 
within 0.0001 in. displacement. This amplitude is close to the 
low limit of mechanical-vibration meters, hence their results are 
erratic in this low range. The substitution of a velocity pickup, 
amplifier, and oscillograph previously calibrated makes the deter- 
mination of displacement a simple matter since the resulting wave 
can be made to cover the oscillograph screen allowing several 
observations and measurements to be made. The maximum 
velocity and hence the displacement can be determined since 
frequency is known. Also disturbances other than those due to 
mechanical unbalance appear. At the bearings considerable 
high-frequency vibration is present which persists after the power 
supply to the motor is cut. This vibration is due to the ball 
bearings. If the vibration pickup is placed in contact with the 
machine stator rather than the bearing housings, disturbances due 
to magnetic forces appear which are of course eliminated when 
the motor power is switched off. In a very well-balanced motor 
the vibration due to ball-bearing roughness and electrical dis- 
turbances is of the same order of magnitude as that due to the 
residual unbalance. Further reduction of motor vibration would 
involve a simultaneous study of all three factors. 

The use of a dial gage on a single brush to measure the rough- 
ness of large commutators is unsatisfactory. Substituting a 
velocity vibration pickup for the dial indicator allows each com- 
ponent to be studied. On one commutator three components 
were noted at the following frequencies: Once per revolution, 
twice per revolution, and at a frequency equal to the product of 
the number of bars times the revolutions per second. A sur- 
prisingly graphic conception of the commutator surface was ob- 
tained. 

An investigation of the high-pitched noise in a line of small 
single-phase motors showed great advantages for the electrical 
pickup and oscillograph. A velocity-type detector was set up 
radially to the stator of the motor and connected through an 
amplifier to a cathode-ray oscillograph. Running the motor 
showed several disturbing frequencies on the oscillograph screen 
One position on the stator gave components which could be 
separated by the oscillograph timing wave at 30 eps motor run- 
ning speed, 120 cps torque pulsation frequency, 840 and 1200 
cps, the latter two being due to magnetic disturbances within 
the motor. 

Later the resonances in the stator alone were investigated by 
exciting the stator from a source of variable, high-frequency 
alternating current and studying the resonance forms with a2 
acceleration-type pickup. By this method frequency, amplitude, 
mode, and phase could be determined for each form of resonance. 
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SUMMARY 


Several forms and applications of a device consisting of a 
vibration pickup, amplifier, and oscillograph adapted to general 
vibration study have been described. The apparatus is not 
bulky or complicated, the cost is relatively low, and the operation 
simple. Of the many uses to which this apparatus may be put it 
is believed that the most helpful will be in vibration-prevention 
work where the experimenter can make changes in the vibrating 
apparatus and immediately observe the results on the oscillo- 
graph screen. 
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Vibration Stress Measurements in Strong 


Centrifugal Fields 


By CHARLES M. KEARNS! ann RALPH M. GUERKE,? EAST HARTFORD, CONN. 


Following a brief review of existing methods of measur- 
ing vibrational stresses in strong centrifugal fields, the 
authors discuss the characteristics of carbon-resistance 
strain gages and indicate their method of use. 

These gages may be calibrated statically and used for 
dynamic measurements with an accuracy of plus or minus 
ten per cent; and with present cementing technique they 
can be applied in fields up to 12000 X gravity. 

The necessary instruments for use with these pickups 
are described and several records of aircraft-propeller tip 
stresses are shown. 


N THE development of high-speed rotating equipment, it was 
early discovered that unexpected fatigue failures of parts 
occurred at points where the design stress was far below any 

conceivable strength limit, and since ordinary design methods 
were inadequate to predict the magnitude of these vibrational 
stresses, efforts were immediately made to measure them. 

From the first, the problems of mass, size, and attachment of 
the strain or amplitude indicators were the major obstacles in 
the path of the experimental engineer. Many attempts were 
made to record the amplitude of vibration photographically and 
thus calculate the stresses involved, but the complexities and in- 
accuracies introduced prevented such a technique from ever be- 
coming popular. 


VIBRATION STRAIN INDICATORS 


Among the various mechanical strain gages, the DeForest 
scratch extensometer,* which consists of a chromium-plated 
target upon which a scratch is made by an abrasive-coated finger 
fastened several inches from the point of attachment of the target, 
was the most successful. Where applicable, it was a precise device 
for measuring total strain, but the necessity for using screws or 
clamps for attachment and the fact that no frequency or wave- 
form determination was possible, made this device useful in lim- 
ited applications only. 

In using these extensometers for propeller-stress measure- 
ment, the authors have obtained satisfactory results when the 
propeller was vibrated in a shock cord sling at known frequency. 
For use on rotating propellers, efforts were made to release the 
fingers of the gages by burning supporting wires off electrically 
when desired conditions had been reached, but the results were 


1 Hamilton Standard Propellers, Division of United Aircraft Cor- 


poration. Jun. A.S.M.E. 
* Hamilton Standard Propellers, Division of United Aircraft 
Corporation. 


3 ‘*Aircraft-Propeller Development and Testing Summarized,” 
by Frank W. Caldwell, S.A.Z. Journal, vol. 35, Aug., 1934, p. 297, 
Sept., 1934, p. 349. 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 
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of the Society. 


usually very unsatisfactory and the test setup a long and tedious 
one. 

The inherent advantages of an electrical system of stress meas- 
urement which permits continuous observation and convenient 
recording of wave form, frequency, and amplitude led to an in- 
vestigation of piezoelectric, electromagnetic, electrostatic, and 
resistance types of strain indicator. 

The piezoelectric method involves the use of Rochelle-salt, or 
equivalent, crystals, an electrical amplifier, and an oscillograph 
or wave analyzer. While the output of such units is large and 
their mass comparatively small, they suffer from mechanical 
fragility, high shear sensitivity, and difficulty of attachment. 
Electrically, they are difficult to calibrate statically and cannot 
be used to measure steady stress. Their sensitivity changes 
with frequency and amplitude, and dehydration and aging have 
marked effects upon their calibration. Simplification in the de- 
sign of electrical collector rings, which will be discussed further 
on in the paper, is possible with both these and the electromag- 
netic indicators. Few successful applications of these crystals to 
vibration-stress measurement have been made. 

The electromagnetic extensometers have been divided into two 
general classes. One type, developed at Wright Field,‘ utilizes 
the change in air-gap length of a magnetic circuit which is caused 
by the strain in the material, to produce a variable flux through a 
coil wound on part of the iron path. The calibration of this unit 
is dependent on the absolute length of the air gap so that static 
strain has an undesirable effect upon its calibration. 

Fig. 1 shows a second type of electromagnetic pickup as de- 
vised at the plant of Hamilton Standard Propellers in which the 
air-gap length was kept constant but the position of the movable 
coil varied with respect to the magnetic field. The calibration 
of this instrument was reasonably constant but because of the 
attachment difficulties and its large size and mass, it was useful 
only in limited applications. All magnetic pickups have the 
disadvantage of a velocity rather than displacement sensitivity, 
and this is particularly undesirable for strain indicators. 

Investigations were made of the possibility of utilizing the 
change in air gap of a capacitor to measure vibrational strain but 
the complexity of apparatus and the exacting technique required 
discouraged experimenters after a few attempts. 

The resistance extensometer in its early form consisted of re- 
sistance wires so strung and supported that the strain in the ma- 
terial stretched these wires and changed their resistance. Not 
only is this method cumbersome and unwieldy, but it has the 
added disadvantage of low sensitivity. The author; are not 
acquainted with any publications concerning such a s rain gage 

Early efforts were also made to use microphone buttons as 
strain indicators but their sensitivities were so vastly changed by 
centrifugal force that this line of investigation was sown aban- 
doned. 

Many ingenious devices were designed to permit the use of the 
carbon pile with its high sensitivity, but nonlinearity of response 
and the mass and attachment difficulties prevented much 
progress being made in this direction. 


«Propeller Crankshaft-Vibration Problems,” by H. H. Couch, 
Mechanical Engineering, vol. 58, April 1936, pp. 215-221. 
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150 C and melting the cement on the surface. A 
piece of thin paper is interposed between gage 
and surface to provide electrical insulation, as 
in Fig. 2. It has been proved that this tech- 
nique introduces no appreciable error in the cali- 
bration since the shear strength of the cement, 
which is sufficient to hold the gage in a field of 
12,000 X gravity, is great enough to transmit the 
strain of the material to the gage. When used on 
thick sections, no correction need be made for the 
thickness of the gage. 


Fic. 2 


Carson Pickups aS APPLIED TO A BEAM FOR CALIBRATION 
or STRESS MEASUREMENT 


CARBON-RESISTANCE EXTENSOMETERS 

In the course of their search for a resistance-type gage, the 
authors investigated the possibility of using the carbon-pile 
effect of commercial carbon resistors, such as are used in radio 
receivers, and were gratified to discover a useful and reasonably 
constant strain sensitivity combined with small mass and fair 
mechanical properties. Since these characteristics were first 
discovered, over six hundred gages have been made and eali- 
brated, and have been used in many tests on aircraft propellers 
operating on torque stands or on airplanes in flight. 

To make commercial resistors usable, they are ground to about 
1/16 in. thickness, as shown in Fig. 2, and attached to the surface 
in the direction of the strain to be measured. 

If one-watt resistors of a nominal value of 5000 ohms are ground 
as specified, their final resistance will be approximately 25,000 
ohms and their change in resistance approximately 4 < 10° ohms 
per in. per in. strain. These devices can withstand a strain of 
approximately 1.5 parts in a thousand and at this elongation, 
their resistance change is approximately 3.5 per cent. 

The effects of temperature rise upon the resistance of these 
gages is less than 0.00025 ohm per ohm per deg F and when im- 
pregnated with a special wax, as is usually done by the resistor 
manufacturer, the resistance rise after being subjected to a rela- 
tive humidity of 90 per cent at 105 F for a period of 100 hr is 
less than 2 per cent. 

The carbon resistors from which the extensometers are ground 
are manufactured by baking a mixture of graphite, sand, or other 
filler, and a resinous binder and are cured at approximately 590 F. 
It is believed that the strain sensitivity results from the changing 
contact pressure of the carbon particles which return to their un- 
Strained positions when unloaded. 

For all customary applications, these units are cemented to 
the surface to be studied by a resinous cement, such as flake shel- 
lac, which is applied by heating the object to approximately 


Fic. 3 APPARATUS FOR StaTiIc CALIBRATION OF CARBON GAGES 


For making quantitative measurements, these gages can be 
calibrated on a simple cantilever beam loaded at the end, and the 
resistance change observed as a function of strain, which is meas- 
ured by a Huggenberger strain gage. The static calibrating 
setup in present use is shown in Fig. 3. This static calibration 
can then be used for dynamic measurements. 

In making vibrational stress measurements, the resistance ex- 
tensometer is connected in series with a fixed resistor of a value 
equal to the unstrained resistance of the gage and connected 


across a d-c source of from 45 to 90 volts (see Fig. 4). As the 
1} 
E 
Strain Matchin To Amplifier and 
Gage R-Ro Ro Reaktor Recorder 
IL 
Fig. 4 Exementary Execrric Circurr ror REsisTaNce STRAIN’ 
GaGE 


material upon which the extensometer is cemented is strained, 
the resistance of the gage changes and the changed current pro- 
duces a change in the voltage drop across the resistor Ro. It 
can be shown from Ohm’s law that if the resistance of the ex- 
tensometer changes by an amount AR, the change in voltage 
drop across Ry is expressed by AV = EAR/4Ro, where E is the 
battery voltage, and AR is the change in extensometer resistance. 
Since the strain sensitivity is linear, the voltage drop across Ry 
will be proportional to the stress, and the true wave form of the 
stress variation due to vibration will be reproduced in the re- 
cording instrument. 

Since this alternating voltage is very small (approximately 
0.15 volt peak) an amplifier is necessary for accurate measure- 
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ments, and since the wave form of many vibrations is definitely 
nonsinusoidal, some measuring device such as an oscillograph is 
necessary to obtain the peak value of the electrical wave. An 
alternative method of measuring irregular waves involves the 
use of an electrical wave analyzer, which combines the advan- 
tages of obtaining final stress readings quickly and showing the 
frequency components of the vibration wave, but which is un- 
suitable for determining exact phase relations between two 
waves or the combined wave form of several different component 
frequencies. 

To establish the validity of the static calibration for dynamic 
measurements, a vibrating cantilever was set up on which a small 
unbalance, driven by a flexible shaft, was used to excite the 
system. The end amplitude of the beam was measured by a 
linear velocity-type vibration indicator developed at the Massa- 
chusetts Institute of Technology® and simultaneous oscillographic 
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Fie. 6 Exacr CaLcuLaTION oF MaximMuM STREss FOR ONE- 


END AMPLITUDE OF CALIBRATING BEAM 


records were taken of end amplitude and stress as indicated by 
the carbon pickup. Fig. 5 shows the equipment used in this ex- 


periment. 


Fig. 6 shows the exact calculation of stress along the beam with 


5 ‘Measurement of Aircraft Vibration in Flight,” by C. S. Draper 
and G. P. Bentley, Journal of the Aeronautical Sciences, vol. 3, no. 4, 
Feb., 1936. Also: ‘‘M.I.T.-Sperry Apparatus for Measuring Vibra- 
tion,”” by C.S. Draper, G. P. Bentley, and H. H. Willis, Journal of the 


Aeronautical Sciences, vol. 4, no. 7, May, 1937. 
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the masses attached to the end. These values agree with ex- 
perimental results within ten per cent. 

Some experiments have been conducted to determine the ei- 
fect of high centrifugal fields upon the resistance characteristics 
of these gages. For these tests, several units were cemented to 
the periphery of a steel disk of uniform thickness and the disk 
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STRAIN GAGES 


itself rotated to produce a field of approximately 4000 X gravity at 
this radius. Under such conditions, the radial gages indicated 
no strain at all, which, in consideration of the sensitivity of the 
setup, is entirely in accordance with the Lamé theoretical formulas 
for this case. 

However, the tangential units indicated a compressive stress 
of 2000 lb per sq in. at a point where the calculated tensile stress 
was 400 lb persq in. The test was repeated several times and it 
was found that after each run the pickup returned to its original 
resistance without any hysteresis effect, indicating that the gage 
itself was in good mechanical condition. 

While there is no satisfactory explanation for this discrepancy, 
the conclusion must be drawn that for the present the gages 
give accurate results only when placed longitudinally in centrifu- 
gal fields up to 4000 X gravity; whereas for a transverse orien- 
tation, their indication of the constant component of stress is 
erratic. 

However, even under these erratic conditions, it is clear that 
the frequency of the indicated record will be exactly equal to the 
frequency of stress variation, which in many cases is of extreme 
importance since it fixes the location of the critical speeds. 

Fortunately, for all conceivable applications, the radial stress 
component is the only one of interest. 

A large part of the work done by the authors has been with a 
two-element amplifier and oscillograph,® and for use with these 
a resistance-matching and switching unit, as shown in Fig. 7, was 
designed and built. This device simplifies matching the re 
sistor Ry (Fig. 4) to the unstrained resistance of the gage and per- 
mits easy switching of any pickup to either amplifier. For sim- 
plicity, a four-element matching unit is shown, although as many 
circuits could be incorporated as desired by simply using switches 
with the required number of contact points. 

Any amplifier with an over-all gain of 90 db and an input im- 
pedance of not less than 100,000 ohms is suitable for use with these 
pickups. At maximum gain, resistance changes of the order of 
0.01 per cent can be measured accurately with ordinary technique. 
This corresponds to a stress in steel of approximately 200 |b 
per sq in. 


sf 
| | 
MENT 
Be 
N 
a 
q 
4 
| 
| 
\ 


OR 


JOURNAL OF APPLIED MECHANICS 


ELECTRICAL COLLECTOR RINGS 


In all applications to rotating devices, a set of electrical slip 
rings to conduct battery voltage to the pickups is necessary. 
If one common lead wire is used, only one more ring is required 
than the number of pickups desired. Experience has shown that 
medium-hard copper-graphite brushes on copper rings can be 
used satisfactorily if care is taken to remove all oxide from the 
rings and glaze from the brushes. It is, of course, obvious that 
any change in brush contact resistance is wholly as significant as 
change in pickup resistance, so far as the voltage AV (Fig. 4) is 
concerned, so that all possible precautions must be observed to 
maintain good transfer characteristics. 

If, where possible, the battery and resistor Ry are mounted on 
the rotating member to be studied, the change in collector-ring 
resistance becomes a minor consideration since it occurs in a high- 
impedance part of the circuit. This is an important detail since 
the collector rings are the most prolific source of trouble in the 
whole electrical system. 


APPLICATION TO PROPELLERS 


Fig. 8 shows a typical installation for measuring tip stresses on 
a flight propeller. 
to the shanks are protected by linen tapes doped to the blades; 
the heavier wires from the collector rings to the blade lead wires 
are secured by several layers of doped tape. 


Fig.8§ Torqur-STanp INSTALLATION FOR MEASURING Tip STRESSES 


oF FLIGHT PROPELLER 


The light copper lead wires from the pickups. 
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Fic. 9 TypicaL Osci1LLOGRAPHIC RECORDS OF PROPELLER VIBRA- 


TIONAL STRESS 


Fig. 9 shows oscillographie records of the tip stresses in a flight 
propeller, vibrating in several modes. 


OTHER APPLICATIONS 


It is believed that these devices should be suitable for measuring 
the vibration of turbine blades and engine counterweights, and 
with suitable amplifiers and recorders. they should have a wide 
application in measuring impact loads and stresses. 

It is possible to shape the gages in a wide variety of ways to 
fit particular surface contours. The length may be reduced to 
1/, in. and the width to '/i, in. without too much reduction in 
sensitivity. Experiments are under way to develop a cement 
for high temperatures but a wholly suitable one has not yet been 
found. 
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Fatigue Failure From Stress Cycles 


of Varying Amplitude 


By B. F. LANGER,’ EAST PITTSBURGH, PA. 


A method is proposed for estimating the life of a machine 
part which is subjected to repeated applications of various 
stresses, some of which are above the fatigue limit. 


ples of a material consists of the S-N curve, which is a dia- 

gram showing stress plotted against number of cycles to 
produce failure. From this curve, two questions regarding the 
behavior of the material can be answered. They are: 

(1) What is the highest stress to which the material can be 
subjected an infinite number of times without failing? 

(2) If the stress applied is higher than the endurance limit, 
how many times does it have to be repeated to produce failure? 

It is always safe, of course, to design for a maximum stress 
below the endurance limit. It is often economical, however, to 
allow the maximum stress to exceed the endurance limit when it 
is known that this stress will not be repeated often enough to 
cause failure within the expected life of the machine or structure. 
If more than one stress level exists, as is generally the case, the 
question arises how to combine the effects of these various stress 
levels in such a way as to estimate how long the part will run 
before failure. The S-N diagram does not answer this question 
directly. 

The problem may be stated as follows: Suppose a machine 
member is subjected to a stress of magnitude S; a certain number 
of times p: per unit of operation. The unit of operation can be 
any arbitrarily chosen quantity, such as an hour, a revolution or 
amile. During the same period a stress S, is applied 72 times, 
S; is applied ps; times, and so on. If the fatigue characteristics 
of the material are known, how can the life of the member be 
estimated? 


"Te FATIGUE information ordinarily obtained from sam- 


GENERAL THEORY 


The process of fatigue failure must be divided into two parts, 
the formation of the fatigue crack and the growth of the crack. 
Let us assume that for either phenomenon the degree to which it 
has progressed toward completion can be represented by a quan- 
tity, A. During the growth of the crack, A is the ratio between 
the crack area at any instant and the crack area which would be 
necessary to produce failure. During the formation of the crack 
we must be satisfied with a much vaguer conception of what A 
represents. We can merely assume that at the start of operation 
A = 0, and when the crack appears, A = 1. The following dis- 
cussion is intended to refer to either part of the fatigue process, 
i.e., either the formation or the growth of the crack. 

During a fatigue test at a constant stress level S,, there must 
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be a certain relationship between A as defined above, and C the 
stress cycles. Let this relationship be represented by the func- 
tion 

C = fi(A)...... 


and let C = C;, when A = 1. 

Assume that the relationship for some other stress level, S,. 
follows a similar law. To be more specific, assume that the num- 
ber of cycles necessary to produce any given value of A at stress 
S, is C,,/C, times the number of cycles necessary to produce the 
same value of A at stress S,. Then the general relationship for 
any stress level, S,, is 


dA 1 


fi (A) 


and 


If M = the number of operating units, then 


dA dA 


We can now perform the following routine mathematical 
operations: Substitute Eq [3] into [4], separate variables, and 
integrate between the limits A = 0 and A = 1. We find that 
when A = 1, that is, when cracking or failure occurs 


1 
M = [5] 


This formula can now be applied to either the crack-formation 
or crack-growth period of failure. Let us consider first the crack- 
formation period. At the start of operation A = 0, and at the 
formation of acrack A = 1. The nature of the function C = f(A) 
according to which A increases is unknown, and since so little 
is known about how a crack forms, it is difficult to imagine how 
the nature of this function could be investigated. 

If, however, we can assume that it can be represented by the 
function shown in Eq [2] which makes no assumptions as to its 
actual shape, then Eq [5] can be used to calculate the number 
of operation units necessary to produce acrack. The values of p, 
must be obtained from the known duty to which the member is 
subjected, and the values of C, must be obtained from a ‘‘prob- 
able damage curve.’’? It may also be fairly accurate to obtain 
the values of C, from data such as that obtained at the University 
of Illinois* on the number of cycles necessary to produce an ob- 
servable crack. 

If some of the stresses applied to the member are below the en- 
durance limit, they will not appear in Eq [5] because for such 


2“Fatigue and the Hardening of Steels,’ by Herbert J. French, 
Trans. A.S.8.T., vol. 21, p. 899. 

3 “A Study of Fatigue Cracks in Car Axles,’ by Herbert F. Moore, 
Bulletin 165, Engineering Experiment Station, University of Illinois. 
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stresses C,, = infinity and p,/C, = 0. Actually such stresses 
are known to have a negative effect in producing failure, since 
understressing tends to raise the fatigue limit. In order to evalu- 
ate this effect quantitatively, let us assume that each stress level 
below the fatigue limit has a corresponding stress level above the 
fatigue limit, and that the effects of these two stress levels cancel 
each other out. Suppose we wish to include in Eq [5] the effect 
of a stress S, which is below the fatigue limit and is applied p, 
times per operating unit. We must first find the stress, S,, above 
the endurance limit, the effect of which can just be canceled by 
the understressing S,. _We then subtract the term p,/C, from the 
denominator of Eq [5j,.and we have expressed the lengthening 
of life produced by the understressing. The quantity C, is to be 
obtained from the probable damage line. 

No data are available as to which stresses bear the reciprocal 
relationship to each other assumed to exist for S, and S,. In 
order to apply this theory, a curve would be necessary showing 
overstress as a function of the understress which it will cancel. 
It is possible to make a good guess as to what such a curve would 
look like. Suppose it is known that understressing at the en- 
durance limit of the virgin material will raise the actual endurance 
limit by 25 per cent. One point on our curve is then: Under- 
stress = endurance limit, overstress = 1.25 X endurance limit. 
Another point on the curve is certainly: Understress = 0, 
overstress = endurance limit. Until more information is avail- 
able, the curve between these points must be assumed. 


OVERSTRESS 


UNDER STRESS 


Fig. 1 Assumep CuRVE SHOWING OVERSTRESS AS A FUNCTION OF THE 
Unperstress Ir Wit CANCEL 


It will probably have the general shape shown in Fig. 1, in 
which understressing is not assumed to have much effect until it 
gets close to the endurance limit. 

After the crack has formed, we may treat its growth as a 
separate phenomenon. Let A = 0 at the time that the crack 
forms, and A = 1 when failure occurs. The values of p, for use 
in Eq [5] are the same as those used in the period of crack forma- 
tion. The values of C, are the differences between the values of 
C on a damage curve and on a fatigue curve. 

The nature of the function C = f(A) for this period has been 
investigated. The point that we are interested in is whether or 
not it fulfills the requirement that the number of cycles necessary 
to produce any given value of A at a stress of S, is C,/Ci, times 
the number of cycles necessary to produce the same value of A at 
a stress S,. A family of crack-growth curves which satisfies this 
condition will be parallel to each other when plotted on logarith- 
mi¢ cross-section paper. Any curve must be able to coincide 
with any other curve when moved in the direction of the C-axis. 

Crack-growth curves from two different investigations are 
shown in Figs. 2 and 3. The former were obtained from tests 
made by R. E. Peterson at the Westinghouse research labora- 
tories. At intervals during the growth of the crack the test 
piece was removed from the testing machine and heated to pro- 
duce coloring from oxidation. After the final fracture, the areas 
of the colored regions were measured to obtain the crack area at 


each stage. 


Fig. 3 is replotted from results obtained by A. V. de Forest.‘ 
He measured the lengths of cracks on the surfaces of specimens. 
In both sets of tests it is obvious that the growth curves for vari- 
ous stress levels are parallel when plotted on logarithmic-coordi- 
nate paper, and so fulfill the assumption made in the derivation 
of Eq [5]. 

It appears, then, for a variety of stress levels above the fatigue 
limit, Eq [5] should be expected to predict the length of service 
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from crack formation to failure with fair accuracy. If some of 
the applied stresses are below the fatigue limit, a new problem 
arises because of the lowering of the fatigue limit due to the 
presence of a crack. Low stresses which would not help to pro- 
duce a crack during the crack-formation stage can increase the 
rate of growth after the crack has formed and decrease the total 
time required to produce failure. The reason for this is twofold. 
First, although a small crack does not appreciably reduce the 
cross section of the specimen, it does introduce stress concentra- 
tion. Therefore, a load which would not be high enough to start 
a crack in a sound specimen may be able to make a very small 
crack develop to failure. Second, when the crack becomes large, 
the actual stress is higher than the nominal stress, due to both 
reduction in cross-sectional area and stress concentration. There- 
fore, a small load may produce a stress above the fatigue limit. 
The first of these phenomena may be taken into account in 
Eq [5] by taking the values of C, from a curve which shows the 
true fatigue limit for an initially cracked specimen. The effect 
of the second phenomenon might be estimated by assuming that 


‘“The Rate of Growth of Fatigue Cracks,” by A. V. de Forest, 
JOURNAL or AppLIED Mecuanics, Trans. A.S.M.E., vol. 58, 1936, 
p. A-23. 
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the data are known for the two following curves: (1) Factor of 
stress concentration as a function of A, and (2) A as a function 
of cycles at some one stress value. 

We wish now to estimate the effect on Eq [5] of some stress, 
S,, which is below the fatigue limit, S,. The ratio S,/S, may 
be considered as the factor of stress concentration necessary to 
raise the stress S, to the value where it will start to aid in the 
growth of the crack. From curve (1) we find the value of A at 
which this factor is reached. From curve (2) we find the per cent 
of total life at this value of A. We can now add a p/C term to 
the denominator of Eq [5] which will represent the shortening 
in life produced by the stress S,. The value of p may be taken 
as the actual number of stress applications per operating unit 
multiplied by the per cent of total life remaining at the time 
the stress concentration becomes sufficient to raise this stress to 
the fatigue limit. The value of C should be taken as the number 
of cycles at the knee of the fatigue curve. 

Some data are already available on the two relationships 
mentioned above as being necessary to estimate the effect of 
stresses below the fatigue limit. Curve (2) is merely a crack- 
growth curve, two examples of which have already been given 
in Figs. 2 and 3. Data on stress concentration have been ob- 
tained by R. E. Peterson in fatigue tests on specimens having 
artificial concentric cracks. Table 1 shows some of the results 
he has obtained on 0.8-in. diameter specimens. In using the 
method outlined, K; would be the factor to use. Kz is given in 
the table to show that the effect is not due entirely to reduction 
of cross section. 


SuecestepD EXPERIMENTAL VERIFICATION 


The three main uncertainties regarding the validity of Eq [5] 
arise from: (1) Lack of knowledge regarding the nature of the 
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TABLE 1 


Ki Ry 
Factor of stress con- Factor of stress 
centration based on concentration based 


Ratio of initial crack 
depth to radius of 


specimen nominal stress in full on the calculated 
cross section stress in the cracked 
cross section 
0.25 4.23 2.83 
0.60 26.4 6.89 


progress of the phenomenon of slip preceding the formation of 
the crack, (2) lack of sufficient data on understressing, and (3) 
lack of knowledge of how to deal with the decreasing endurance 
limit during the period of crack growth. To throw light on (1), 
tests should be made in which all stresses applied are above the 
fatigue limit of the material, and the number of cycles at which 
the crack first forms should be noted as accurately as possible 
To throw light on (2) and (3), tests should be made in which some 
of the stresses applied are below the fatigue limit of the material. 
Here again, note should be made of the number of cycles at which 
the crack first appears, so as to separate the two phenomena of 
crack formation and crack growth. 

To make the best use of the data, complete information should 
be available on the fatigue properties of the material that is used. 
This should include not only the relationship between stress and 
cycles to produce failure, but also the relationship between stress 
and cycles to produce a crack. 
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Recent Investigations in Plastic Torsion 


By C. W. MacGREGOR! anp J. A. 


Tension, double-shear, and torsion tests on cast iron, 
S.A.E. 1045 annealed steel, and S.A.E. 1112 annealed steel 
are described in which the quantitative relations between 
the so-called modulus of rupture, double shear strength, 
and actual maximum shear stress in the bar at fracture 
are given for each material. The shear stress distribution 
over the cross section of each bar at fracture is also deter- 
mined. Further, the data obtained from tension and tor- 
sion tests on the two steels are plotted on a single set of 
coordinates, namely the octahedral shearing stress r, and 
the octahedral shearing strain y,. A reasonable check is 
obtained between the two curves when the shear strain is 
less than that corresponding to the tensile strength. 

Finally, there is described a series of plastic-torsion tests 
on bars of mild steel with various new cross sections of 
practical interest, namely, the splined shaft, the circular 
shaft with two shallow rectangular keyways, double- and 
four-lipped drills, and I-beams. In these tests, the regions 
of initial yielding are determined by means of the Fry etch- 
ing method. 


N MODERN testing of metallic materials the torsion and 
a tests are probably used most frequently in in- 
vestigations of shearing properties. In the torsion test, as it 
is commonly carried out, a bar of circular cross section is subjected 
to the action of torque moments applied at the ends by means of 
a torsion testing machine. Simultaneous readings of torque 
moment M, and total angle of twist ¢ are taken. Torque-twist 
curves are usually plotted while the bar remains in the elastic 
state, or has yielded only slightly, after which the sectors are 
removed and the bar twisted to fracture. From the final torque 
moment M,, the so-called “modulus of rupture’ or, “apparent 
outside fiber stress at fracture,” is computed assuming Hooke’s 
Law is obeyed to rupture by the relation 
16M, Ma 


where M,, d, a, /,, and r are the maximum torque, diameter and 
radius of the bar, polar moment of inertia, and modulus of 
rupture, respectively. Due to the fact that a favorable redistri- 
bution of stress takes place over the cross section of the bar dur- 
ing yielding, the modulus of rupture computed from Equation 
{1] exceeds the actual maximum shearing stress present in the 
bar by a considerable amount which varies with the material 
being tested. 

The double-shear test, on the other hand, is carried out by 
means of a shear block such as is shown in Fig. 1. As this test in- 
volves no machining of specimens and requires only a few minutes 
to perform, it is indeed very convenient. The maximum load 
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at fracture is the sole reading taken, as it is difficult to obtain any 
elastic properties by this means and the so-called “double shear- 
ing strength” is calculated from 


where +, P, and A are the double shear strength, the load at 
fracture, and the area of cross section of the bar, respectively. 
Certain difficulties arise, however, when attempts are made to 
interpret the test results so obtained. Equation [2] assumes that 
the shearing stresses are uniformly distributed over the cross sec- 
tion. Actuaily, the shearing stresses are no doubt distributed in 
some cases somewhat as shown in Fig. 2, being maximum on the 
outside of the bar. The quantity calculated from Equation [2] 
consequently underestimates the actual maximum shearing stress 
present for certain materials. In addition, it is extremely diffi- 
cult, if not impossible, to eliminate bending during such a test. 
That severe bending stresses are also present will be demonstrated 
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Fic. 2. DISTRIBUTION OF SHEAR STRESS OVER SHEARING 
SECTION OF DoUBLE-SHEAR TEST SPECIMEN FOR MATERIALS TESTED 


later by means of double-shear tests on both ductile and brittle 
materials. 

Since the so-called modulus of rupture obtained from the torsion 
test exceeds, and the double-shear strength underestimates the 
actual maximum shearing stress present in the bar at fracture at 
least for many materials, it was deemed of importance to deter- 
mine the relative values of these three quantities for different 
materials. It is the purpose of the first portion of the paper to de- 
termine these relative magnitudes for three materials, a cast iron, 
an 8.A.E. 1112 steel, and anS.A.E. 1045 steel. The actual shear- 
ing-stress distribution over the cross section of each bar at fracture 
as determined from plastic torsion (1)* theory will be exhibited. 

In addition, certain relations between data obtained from 
torsion, tension, and compression tests will be discussed in the 
light of the present experiments. Among the first efforts to plot 
stress-strain data received from tension, compression, and torsion 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tests on a common set of coordinates may be mentioned those of 
P. Ludwik (2) who chose as coordinates the maximum shear stress 
and maximum shear strain. Recently A. Nddai (3) has outlined 
another method by which the octahedral shearing stress 7, on 
the octahedral planes is plotted as a function of the octahedral 
shearing strain y, on these planes. E. A. Davis (4) described 
tests conducted on copper bars, using this method of plotting in 
which good agreement between the curves obtained from tension, 
compression, and torsion tests resulted for small shear strains. 
For larger shear strains the curves obtained from the tension and 
torsion tests departed more and more from each other to a maxi- 
mum of about 10 per cent deviation with an octahedral shear 
strain of y, = 0.6. Similar methods have also been used by M. 
Ros and A. Eichinger (5), R. Schmidt (6), G. Baranski (7), and 
others. The data received in tension and torsion tests on the two 
steels investigated here will be correlated by plotting r, — vy, 
curves in accordance with this method. 

Lastly, plastic torsion tests on mild-steel bars of various cross 
sections will be described in which the regions of initial plastic 
flow are determined. It will be recalled that if a polished flat 
test bar of mild steel is stressed in a standard testing machine, 
certain lines may be detected on the polished surface as soon as 
the upper yield point has been passed. These lines have been 
variously referred to in the literature (8) as Lueder’s lines, flow 
layers, slip layers, or stretcher strains, and their formation is 
intimately associated with the sharpness of transition from the 
elastic to the plastic state. They are not merely confined to the 
surface of the bar but are in reality wedge-shaped plastic layers 
extending through the material, the traces of these layers on the 
surface of the bar forming the so-called “‘lines.”” Experiment has 
indicated that for certain polycrystalline ductile metals the layers 
seem to follow a direction which is approximately 45 degrees to the 
principal stress directions at each point of the body. Observa- 
tion of the directions of these layers then gives the stress analyst 
certain information concerning the stress distribution producing 
them. 

Although these layers have been determined for tension, com- 
pression, bending, and concentrated pressure by various experi- 
menters, little work seems to have been done on their develop- 
ment under torsion stresses since the pioneering work of A. 
N&dai and W. Bader (9). It is the intention in the remaining por- 
tion of the paper therefore to extend their work to an investiga- 
tion of the commencement of yielding in some additional new 
sections of practical interest. 

In order to do this use will be made of the etching process origi- 
nally discovered by A. Fry (10). According to this method the 
test bars are first stressed to the proper amount, annealed at 200 C 
for a half hour, cut in sections, and then immersed in the 
etching reagent.‘ This reagent has the valuable property of 
rendering black those portions of the bar which have been plas- 
tically deformed, at the same time attacking the elastically 
stressed regions only very slightly. By polishing the entire sec- 
tion on emery paper the slight corrosive effect on the elastic por- 
tions is removed, leaving the black flow layers standing out in 
relief against the polished background. 

Success in using this etching method is greatly dependent upon 
the proper choice of material. Many different mild steels will 
show flow layers or Liider’s lines at the beginning of yielding on 
the polished surface of a stressed portion of the material, and 
when the same sample is subjected to the etching procedure still 
show a negative result. W. Késter (11) was the first experimenter 
to attribute the etching effect to the precipitation of iron-nitride. 
This precipitation is apparently accelerated by the low-tem- 
perature anneal of 200C in the plastic regions. The general 


4 The composition of the macroscopic reagent used is 
conc HCL—120 cc, HxO—100 ce, cupric chloride—90 g. 
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beneficial effect of nitrogen on the etching procedure has been 
checked recently by one of the authors and F, R. Hensel (12). 
Certain materials which were low in nitrogen content and would 
not etch at all in the original condition were found to give excel- 
lent results after being subjected to a nitriding treatment. It was 
found further that a Bessemer steel having a nitrogen content of 
about 0.01 per cent gave the most satisfactory results. For this 
reason, a Bessemer steel known as 8.A.E. 1112, which is a high- 
sulphur, free-machining screw stock, was selected for the torsion 
tests to be described herein. A gas analysis was not made of this 
material since preliminary tests showed satisfactory etching 
qualities. 


CoMPARISON OF VARIOUS TESTS TO DETERMINE SHEARING 
PROPERTIES 


In order to show the effect of bending in the double-shear test, 
round bars 3/, in. in diameter of S.A.E. 1112 annealed steel were 


Fic. Dovusie-SHear Test Pieces or 8.A.E. 1112 Street Ercuep 
Wirn Fry ReaGent 


(Note the black regions which have been stressed plastically. (a) Tested 


nearly to fracture showing severe bending between shearing sections; (b) 
front view of a specimen of the same material carried to a smaller load; (e) 
rear view of (b) specimen.) 


subjected to the double-shear test, annealed at 200 C for a half 
hour, milled flat on one side, and etched with the Fry reagent. 
Fig. 3 (a) shows a test bar carried through nearly to fracture. It 
will be noted that between the sheared sections numerous plastic- 
flow layers (the black regions) appear at an angle of 45 deg to the 
bar axis, indicating severe bending. Figs: 3 (b) and 3 (c) are 
front and rear views of a bar of the same material subjected to 
a smaller final load and to the same etching treatment. 

The effect of bending in the double-shear test is also very im- 
portant in the case of a brittle material such as cast iron. Fig. 
4 shows the result of a double-shear test on a °/,-in. diam bar 
of cast iron. During the test a cracking sound was plainly audible 
before fracture, accompanied by a slight decrease in load. This 
was followed by a pickup in load which then continued until 
failure occurred. An examination of the specimen upon removal 
from the double-shear block revealed three cracks in addition to 
the two final fractures. These may be seen in Fig. 4. One crack 
is located on the bottom of the center fragment with two others 
on the top fiber, one on each of the two pieces held in the sup- 


5 The cast iron was supplied by R. F. Harrington of the Hunt- 
Spiller Manufacturing Corp., Boston, Mass., in the form of bars 15 
in. long and 1.25 in. diam cast vertically with four bars to a single 
mold, all bars being poured from the same ladle. The approximate 
composition of this material is as follows: 


Total carbon.... 3.22 per cent Manganese...... 0.54 per cent 
a ee 1.53 per cent Phosphorus..... 0.32 per cent 
Sulphur......... 0.08 per cent Combinedcarbon 0.80 per cent 


This material was tested in the as-cast condition. 


ae 
ster 
Lx 
| 
| 
| 
| 
ot 


) 


JOURNAL OF APPLIED MECHANICS 


A-165 


TABLE 1 CAST IRON, PHYSICAL PROPERTIES 


Ratio of Ratio of 


Ratio of max ap arent actual max 

Apparent double shear outside fiber shear stress 
Nominal Double- Actual max outside fiber strength to stress to to true 
Spocimen tensile shear shearing stress actual shear actual shear- tensile 

no, strength, strength, stress, fracture, strength ing stress strength 
b persqin. Ibpersqin. lb persqin. lb persq in. 

3-1 38,400 42,100 39,700 48,800 1.060 1.229 1.034 
3-2 36,250 39,300 39,800 48,800 0.988 1.226 1.098 
4-1 36,400 36,650 39,800 48,350 0.921 1.219 1.094 
4-2 36,600 38,350 39,800 49,000 0.963 1.231 1.088 
6-1 34,3507 37,900 41,100 50,400 0.922 1.227 1.1974 
6-2 35,700¢ 40,400 40,900 49,900 0.989 1.220 1. 1462 
Average 36,910 39,120 40,180 49,240 0.964 1.226 1.079 


* Standard two-inch tensile specimen omitted in average. 


TABLE 2 ANNEALED 3.A.E. 1045 STEEL, PHYSICAL PROPERTIES 
Nominal True , Double- Actual max Apparent outside 
Specimen tensile tensile Breaking shear shearing r stress 
no. strength, strength, strength, strength, strength, at fracture, 
b per sq in. lb per sq in. lb per sq in. lb per sq in. lb per sq in. lb per sq in. 
1 85,100 03, 127,900 58,000 65,000 81,800 
2 83,000 102,100 143,200 60,200 65,100 81,700 
3 83,200 100,600 137,700 59,900 64,200 80,400 
4 83,000 100,600 143,100 59,100 62,700 79;600 
5¢ 76,900 93,200 126,200 58,100 59,700 75,600 
62 76,500 94,100 118,100 58,100 60,200 76,800 
Average exclu- 
sive of speci- 
mens 5° and6* 83,580 101,700 137,980 59,300 64,250 80,880 
2 Not averaged; from a different bar. 
TABLE 4 ANNEALED S.A.E. 1112 STEEL, PHYSICAL PROPERTIES 
Nominal True ’ Double Actual re outside 
Specimen tensile tensile Breaking shear shearing ber stress 
no. strength, strength, strength, strength, strength, at fracture, 
Ib per sq in. Ib per sq in. Ib per sq in. b per sq in. lb per sq in. b per sq in. 
l 59,900 72,900 105,000 45,200 48,500 62,600 
2 59°500 75.400 108,500 46,800 53,000 65,500 
3 59,500 74,000 110,000 45,800 50,500 63,600 
Average 59,630 74,100 107,830 45,930 50,670 63,900 
TABLE 3 ANNEALED S.A.E. 1045 STEEL 
; Ratio of 
Ratio of max, apparent Ratio of 
double-shear outside fiber actual shear 
strength to stress to strength to 
Specimen actual shear actual shear nominal tensile 
no. strength strength strength 
1 0.892 1.258 0.764 
2 0.925 1.255 0.785 
3 0.934 1.252 0.772 
5 266 77 
Fie. 4 Dovsie-Suear Test Piece or Cast lron 6 0.965 1.275 0.786 
Small cracks may also be seen om Seenen in addition to the main Average exctusive 0.773 
of specimens 5 and 
0.924 1.259 0.769 
porting bushings of the shear block. This indicates that in all 
probability the final failure was a bending failure due to excessive TABLE5 ANNEALED S.A.E. 1112 STEEL 
tensile stresses rather than a shear failure. This same phe- ee Ratio of 
: atio o max t i i 
homenon occurred in numerous other double-shear tests on the 
strength to stress to strength to strength to 
same material. Specimen actual shear actual breaking nominal tensile 
The actual maximum shearing stress in the outside fiber of a no. strength = shear strength tensile, strength 
round bar of a homogeneous and isotropic material twisted to 
any value of the torque moment either in the elastic or plastic 2 0.883 1.237 0.488 -890 
3 0.907 1.260 0.458 0.849 
state may be determined from the relation Average 0.907 1/262 0466 0.850 
_ 1 3M, + 0 dM, [3] TABLE 6 TABULATION OF CAST-IRON RESULTS FOR TESTS 
where M,, a, and @ are the shearing stress in the outside fiber fiber, 
corresponding to a torque moment M,, the radius of the bar, and Ib per sq in. Ib per sq in. Ib per sq in. 
the unit angle of twist, respectively. Equation [3] may be written : az'so0 by 42,700 
3 44,900 42;600 
In 
the form Average 43,550 37,430 42,270 
0.75M,'a Actual shear stress in outer fiber 43,550 
A i = 1, 
Te [4] (As cast) Ratio of "Hollow 
P 


6 dM, 
3 
elastic state, M,’ = : M, and we obtain Equation [1]. 


where M,’ = M, + 


. If the bar is stressed only in the 


On the 


other hand, if the slope of the torque-twist curve becomes zero, 


dM. 
as would be the case for a perfectly plastic material, - = 0 


and M,’ = M,, in which case we obtain 
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Equation [5] indicates that the so-called modulus of rupture will 
exceed the actual maximum shearing stress present in the out- 
side fiber by a maximum error of 33!/; per cent in the case of a 
very ductile material. For materials possessing strain-hardening 
qualities as is the case in most of our engineering metals the 
modulus of rupture will have a smaller error than 33'/; per 
cent. 

In order to investigate these quantitative relations between 
the actual maximum shearing stress, the modulus of rupture or 
apparent outside fiber stress at fracture, the double-shear strength, 
and tensile strength, tension, double-shear, and torsion tests 
were made on three different materials. These were a cast iron,® 
an S.A.E. 1045 annealed steel,* and anS.A.E. 1112 annealed steel.’ 
Tables 1 to 5 summarize the data received from these tests. 

It will be noted in the case of the S.A.E. 1045 annealed steel 
that the double shear strength lies about 8 per cent below the 
actual value, while the “maximum apparent outside fiber stress”’ 
exceeds the actual shearing strength by 26 per cent. In the case 
of the S.A.E. 1112 annealed steel, the double shear strength falls 


ot 


1 

= 


Fie. 5 Cast-Iron Test Piece 


below the actual shear strength by 9 per cent, while again the 
maximum apparent outside fiber stress exceeds the actual 
value by 26 per cent. In the cast-iron tests it is necessary to 
distinguish between the actual shear strength and the actual 
maximum shearing stress present in the bar at fracture. Since 
cast iron fails in a torsion test with a tension failure on planes at 
45 deg to the axis of the bar instead of by shear, as in the former 
cases discussed, the actual shearing stress in the outside fiber at 
fracture does not represent the shearing strength, and indeed it 
is not possible to obtain the shearing strength of such a material 
from a torsion test. However, the cast iron exhibited a maxi- 
mum apparent outside fiber stress 23 per cent greater than the 
actual outside fiber stress at fracture. 

The constancy of the ratio of the apparent maximum shearing 
stress or modulus of rupture to the actual maximum shearing 
stress for the various materials tested is interesting. It may be 
shown if we let 7, represent the maximum actual shearing stress 
in a solid circular bar at fracture and 7, the modulus of rupture 
as calculated from Equation [1], that for the materials investi- 
gated 
1045 steel* 


8.A.E. 1112 steel? 


© The S.A.E. 1045 steel was annealed at 1475 F for one hour and 


cooled slowly. 
7 The 8.A.E. 1112 steel was annealed at 1650 F for one hour and 


cooled slowly. 
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Because of the limited number of materials tested no general 


statement can be made as to the value of the ratio =, 


As was mentioned above, while the torsion test provides a 
method of obtaining the shearing strength of ductile materials 
since the failure is one due to shear, it is not possible to obtain the 
shearing strength of a brittle material such as cast iron by this 
means alone. It may be shown that for the torsion of a round bar 
the shearing stress on a plane normal to the axis of the bar is 
always numerically equal to the normal tensile and compressive 
stresses on planes at 45 deg to the axis. Since the compressive 
strength of cast iron is always larger than the tensile strength, 
failure must occur when the actual shearing stress in the outside 
fiber reaches a value equal to the tensile strength of the cast iron. 

It will be noted, however, that in the cast-iron tests just de- 
scribed an average ratio of the actual maximum shearing stress 
to tensile strength of 1.08 was obtained. In the belief that a varia- 
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tion in physical properties from the center to the outside of the 
bar was responsible for this result, Vickers hardness readings were 
taken over the cross sections of the bars. An increase in hardness 
of 18 per cent from the center to the outside of the bars was ob- 
tained. Since the material was tested in the as-cast condition, 
the difference in cooling rates on the inside and outside of the bars 
resulted in the increased hardness. 
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In the tension test, providing care is taken to eliminate the 
presence of stress concentrations, a uniform stress distribution 
exists over the section. In the present tests this was insured by 
providing the entire gage length of the tensile-test bar with a 
large uniform radius of curvature. Due to the casting process 
the material will be weaker at the center than at the outside if we 
assume strength to vary substantially proportionally to the hard- 
ness. Tensile fracture will occur when the P/A value reaches the 
minimum strength of the cast iron at the center. 

In the torsion test, on the other hand, the maximum shearing 
stress exists at the outside fiber where the strength properties are 
highest. Hence, a comparison of the values received in the ten- 
sion and torsion tests of the cast iron involves a comparison of 
the strengths of fibers whose physical properties are not the same. 
Further tests were conducted to check this point in which the 
design of the tensile specimen was changed to that shown in 
Fig. 5. The redesigned tensile test piece has a wall thickness of 
1/,in. and an average diameter equal to the diameter of the tor- 
sion specimen. In this manner, fibers having the same physical 
properties could be compared. The results of the latter series of 
tests are shown in Table 6. The ratio of actual maximum shear- 
ing stress in the outside fiber at fracture to the tensile strength in 
the case of the as-cast specimens is 1.03, checking very closely 
the expected relation of one. 

Figs. 6 and 7 show representative examples of the torque- 
twist and actual shear-stress-shear-strain curves for each of the 
materials tested as derived from the torsion data. In addition, 
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the cross sections for each of the materials investigated as con- 
structed from the shear-stress-shear-strain curves. 


RELATION BETWEEN TENSION AND Torsion Data 


As previously mentioned, the tension and torsion data for the 
two steels S.A.E. 1112 and S.A.E. 1045 were plotted on a single 
set of coordinates with the octahedral shearing stress r, as 
ordinate and the octahedral shearing strain y, as abscissa. 

From the tensile data, 7,-y, curves were constructed making 
use of the relations (3) 


= log (1 + 6) 
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where P, A, and ¢ are the instantaneous load, area, and the com- 
mon definition of strain Fra respectively. 
6 
Similarly from the torque-twist data obtained in the torsion 
test 7,-7, Curves were plotted from the equations (3) 


where 7, and y are the shear stress calculated from Equation 
[4], and the unit shear strain a8, respectively. In this case @ is 
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the angle of twist per unit length of the bar and a the outside 
radius. 

Figs. 10 and 11 show the 7,-y, curves as plotted for the 
S.A.E. 1045 and 8.A.F. 1112 steels, respectively. In each case 
the upper yield point checks closely. For values of y, from 0 to 
0.10 the tension and torsion curves check reasonably well, the 
deviation between the two increasing with increasing values of 
Ya. At a value of y, corresponding to the nominal tensile 
strength (7, = 0.25) the discrepancy between the tension and 
torsion curves is less than 10 per cent. Beyond this point, the 
necking of the bar causes a very rapid divergence between the 
two curves. It may therefore be concluded here that a reason- 


ably good correlation between the tension and torsion test for 
these two materials exists up to the octahedral shear strain cor- 
responding to the tensile strength. 
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Torston Tests ON MILD-STEEL Bars oF Various Cross SECTIONS 


It is the intention here to describe a series of plastic torsion 
tests made on mild-steel bars of various shaped cross sections in 
order to investigate the regions of initial yielding. A number of 
new cross sections of considerable practical interest were selected 
which, as far as the authors are aware, have not as yet been in- 
vestigated in the plastic state, namely, splined shafts, circular 
bars with shallow rectangular keyways, two and four-lipped 
drills, and I-beams. In addition the more familiar circular bars 
with no keyways were also studied. 

The test bars were machined with enlarged ends for gripping 
and were twisted in a standard Riehle torsion machine of 60,000 
in-lb capacity. All bars were made from the S.A.E. 1112 steel. 
Readings of torque moment and angle of twist were taken 
throughout the tests in order to control the desired magnitude of 
shear strain. Each bar was then given the 200-C anneal for a 
half hour, cut in sections, and immersed in the etching reagent. 
It was found that by leaving the specimens in the reagent for 10 
to 15 min, followed by polishing on No. 000 emery paper with 
several repetitions of this process, satisfactory etchings could be 
obtained. The etchings were then photographed as recorded in 
Figs. 12 to 17. In these photographs the black wedge-shaped 
regions are the plastic areas and the portions of the material 
between are the elastic regions. All of the bars were twisted 


Bar TwisTED AND THEN ETCHED BY THE FRY 
REAGENT 
(The black wedges indicate the plastic regions which extend nearly to the 


center of the bar. Diameter of bar, 0.750 in. Final torque moment Mz, 
1800 in-lb. Final unit angle of twist @, 0.0795 radian per in.) 


Fie. 12 
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through small final angles of twist per unit of length to determine 
the regions of initial yielding. Thus, in most of the etchings the 
bars were twisted only far enough to produce a few flow layers 
over the cross sections. 

Figs. 13 and 14 indicate that yielding began at the base of the 
keyways as would be expected. The layers form perpendicular 
to the boundaries of the sections, and the layer in the center of 
the keyway proceeds the farthest toward the center of the shaft. 

In Fig. 15, flow layers were visible at the base of the fillets of 
the I-beam section after etching. In polishing down, most of 
these have disappeared from the photograph, although traces of 
them may still be seen both along the web and at the fillets. With- 
out doubt yielding began at the fillets since at these points a 
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stress concentration factor of about 2.3 is present as predicted by 
the formula recently derived by H. M. Westergaard and R. D. 
Mindlin (13) namely 


Tr 
To 3 r t 


where ¢, r, and = are the flange thickness, radius of the fillet, and 
To 


the ratio of the maximum shearing stress at the fillet to that 
which would exist if no stress concentrations were present. The 
flow layers were developed the best, however, along the top and 
bottom flanges. The layers near the center of the flanges proceed 
the farthest toward the center of the bar in a perpendicular direc- 
tion to the flange surface. 

Fig. 18 shows a photograph of the torsion test bars used to ob- 


Fic. 18 Dovsue- anp Four-Liprep Dritt Torsion-Tgst Pieces 
BEFORE TwIisTING 


tain the etchings indicated in Figs. 16 and 17, namely, the double- 
fluted and four-lipped drills, respectively. In both cases the 
flow layers proceed perpendicularly from the bounding surface. 
In the double-fluted section the layers are the longest near the 
convex sides of the drill indicating perhaps that yielding may 
have begun at these points. If this is not true, at least plastic 
flow began there almost simultaneously with that along the con- 
cave portions of the boundary. In Fig. 17, the yielding began on 
the concave portions of the drill boundary at those locations nearest 
the center of the shaft. The flow layers at these points nearest 
the axis of the shaft are both thicker and longer than elsewhere. 
It will be noted further that some small layers may also be seen 
at the outer tips of the convex portions of the boundary, indicat- 
ing that subsequent to beginning yielding along the concave 
parts of the boundary, plastic flow started at the most remote 
portions from the shaft axis. This more or less coincides with 
the observations already made concerning the double-fluted drill. 
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In most of the cases investigated here some local yielding takes 
place in the more remote parts of the boundary either simul- 
taneously or very shortly after yielding starts at portions of the 
boundary near the bar axis. 


SUMMARY 


Tension, double-shear, and torsion tests on cast iron, S.A.E. 
1045 annealed steel, and S.A.E. 1112 annealed steel were de- 
scribed in which the quantitative relations between the so-called 
modulus of rupture, double-shear strength, and actual maximum 
shear stress in the bar at fracture were given for each material. 
The shear stress distribution over the cross section of each bar at 
fracture was also determined. Further, the data obtained from 
tension and torsion tests on the two steels were plotted on a single 
set of coordinates, namely the octahedral shearing stress 7, and 
the octahedral shearing strain y,. A reasonable check was ob- 
tained between the two curves when the shear strain was less than 
that corresponding to the tensile strength. 

Finally, there was described a series of plastic torsion tests on 
bars of mild steel with various new cross sections of practical 
interest, namely, the splined shaft, the circular shaft with two 
shallow rectangular keyways, double and four-lipped drills, and 
I-beams. In these tests, the regions of initial yielding were de- 
termined by means of the Fry etching method. 
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Distortion of the Photoelastic Fringe Pattern 
in an Optically Unbalanced Polariscope 


By RAYMOND D. MINDLIN,? NEW YORK, N. Y. 


This paper describes the results of an investigation of the 
effect of inaccuracies in the two quarter-wave plates of a 
photoelastic polariscope on the configuration of the mono- 
chromatic fringe pattern. It is shown that the fringe 
pattern is distorted to an extent which depends upon the 
orientations of the axes of principal stress and the differ- 
ence between the retardations of the two plates. 


N THE optical system ordinarily used in a photoelastic polari- 
scope, three doubly-refracting plates are situated between a 
pair of polarizers. The arrangement is illustrated sche- 

matically in Fig. 1, in which the light passes from left to right 
from the source S, through the polarizer P, a retardation plate 1, 
the model 2, a second retardation plate 3, and the analyzer A. 
Plates 1 and 3 are usually crystal retardation plates which pro- 
duce uniform relative retardation, whereas the phase retardation 
in the model varies from point to point in proportion to the prin- 
cipal stress difference. 

For reasons stated later, it is desirable that the two crystal 
plates each introduce a relative retardation of one quarter-phase 
of the monochromatic vibration issuing from the light source. 
As a matter of practical construction, the production of a perfect 
quarter-wave plate is a difficult and costly operation. In most 
polariscopes now in use, it will very likely be found that not only 
are the retardation plates not true quarter-wave plates, but also 
that the retardation produced by one is different from that pro- 
duced by the other. 

In the following paragraphs, it willbe shown that the iso- 
chromatic-fringe pattern, obtained with monochromatic light, is 
unaffected by the inaccuracies in the retardation plates only 
when the two plates are identical. When the retardation plates 
are not identical, the fringe pattern is distorted and no longer 
presents a true picture of the stress distribution. The relation 
which governs the intensity of light transmitted through such a 
polariscope is given by Eq [6]. The magnitude of the maximum 
error introduced depends upon the difference in phase between 
the retardations of the two plates and may be calculated from Eq 
[8]. In general, the error is also a function of the orientation of 
the axes of principal stress, and may be calculated from Eq [7]. 

The results of the investigation show that small errors in the 
retardation plates have a negligible effect on the precision of a 
photoelastic analysis in which the fringe method is used. The 
conclusion is reached that in designing a photoelastic polariscope 
it is unnecessary to specify, within narrow limits, the retardation 
characteristics of the crystal plates. 


NOTATION 
6, = relative phase retardation of first retardation plate. 
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5: = relative phase retardation of a point in the model. 

5; = relative phase retardation of second retardation plate. 

p, = angular coordinate of fast axis of first retardation plate. 

op: = angular coordinate of fast axis of a point in the model. 

p; = angular coordinate of fast axis of second retardation plate. 

9 = vibration direction of analyzer (all angles are referred to the 
vibration direction of the polarizer and are reckoned posi- 
tive in the counterclockwise direction as seen by an ob- 
server viewing the oncoming light from the analyzer end of 
the polariscope). 

J, = intensity of light transmitted through the polariscope when 


Pi = = ps = = 
/ = relative intensity of light referred to [o. 


0, +1, #2, #.... 


ll 


CIRCULAR POLARISCOPE 


If the source S emits a homogeneous radiation for which plates 
1 and 3 are quarter-wave plates (6; = 5; = r/2) and if the axes 


| | 
| | co 
S P | 2 3 A 
Fie. 1 Schematic DIAGRAM OF PHOTOELASTIC POLARISCOPE 
(S = monochromatic light source, P = polarizer, land 3 = retardation 
plates, 2 = model, A = analyzer.) 
AA 

Fig. 2 ANGULAR RELATIONS OF Fast Axes oF RETARDATION 


PLATES AND MopDEL AND VIBRATION DrrRECTIONS OF POLARIZER AND 
ANALYZER, AS Usep In Equations [1] To [8], INcLusIve 
(o1 = 45 deg, ps = 135 deg, @ = 90 deg.) 


of the retardation plates are oriented in the directions indicated 
in Fig. 2, the system is included in the designation ‘circular 
polariscope.”’ 

The relative intensity of light transmitted through a circular 
polariscope is given by the well-known relation 


so that dark fringes are observed wherever, in the model, 


= wheren =0, +1, ....[2 


A fringe pattern for a circular-ring segment subjected to bend- 
ing would appear, in a circular polariscope, as in Fig. 3. 
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With a monochromatic source, however, the iso- 
chromatics are unchanged because the intensity is 
again directly proportional to sin? (6/2). The 
quantity in parentheses in Eq [5] indicates simply 
that the isoclinics are not completely removed by the 
introduction of the retardation plates, but the 4; 
fringes still occur according to Eq [2]. 

Fig. 5 illustrates the effect obtained in a balanced 
polariscope. The variation of intensity with the 
orientation of the principal axes of stress is re- 
duced, during photographic processing, to a varia- 
tion of intensity of the zero-order fringe. The posi- 
tions of the fringes, it may be observed, are 
unchanged. 


UNBALANCED POLARISCOPE 


When the relative retardations produced by the 
two retardation plates are different from each other 
(5; * 5,), the intensity of light transmitted through 


Fig. 3 Fig. 4 Fig. 5 the polariscope is given by 
Fie. 3) FRINGE PATTERN FOR THE BENDING OF A CIRCULAR- 3 
RING SEGMENT as VIEWED IN A CrrcuLar PoLARISCOPE iu sin? [cos (53 — 5;) — cos? 2pz cos 8; cos 53] 
(63 = & = xw/2. \ y 


Fig. 4 Fringe Patrrern aS OBSERVED IN 4 PLANE POLARISCOPB 


bs = = 0.) 


Fig. 5 Parrern as OBSERVED IN A BALANCED POLARISCOPE 


6; = & = 0.57f.) 


PLANE POLARISCOPE 


When plates 1 and 3 are removed (5; = 6; = 0) the resulting 
optical system is termed a plane polariscope. The light intensity 
transmitted through the instrument in this case is given by 


I = Ig > sin? 2p; (3) 


Dark fringes are again observed according to Eq [2)} and, in 
addition, extinction of light is also obtained when 


(4] 


| 


The loci of points in the model for which the orientations of the 
axes of principal stress satisfy Eq [4] are known as isoclinies. 

Fig. 4 shows the appearance of the same model as in Fig. 3 
when viewed through a plane polariscope. The isoclinics are the 
vertical and horizontal dark bands which cross the 5 fringes. 
It should be observed that the positions of the latter are un- 
changed, in accordance with Eq [3]. 

It is for the purpose of removing the isoclinics that the quarter- 
wave retardation plates are used. 


BALANCED POLARISCOPE 


Retardation plates are again introduced at 1 and 3, with phase 
retardations different from one quarter-wave but identical with 
each other (6; = 6, = 6). The intensity of light transmitted 
through the system is then given by 


be 
I = I, sin? (1 — cos? 2p2 cos? 5) . 
The relation expressed by Eq [5] was first introduced in photo- 
elastic analysis by R. V. Baud? who used it to show that the iso- 
chromatic pattern obtained with a white-light source is in part a 
function of the orientation of the axes of principal stress. 


* Journal of the Optical Society of America, vol. 20, no. 7, 1930, 
386, and vol. 21, no. 2, 1931, p. 119. 


53 — 6 


+ sin? 


— + sin sin 2p2 sin 


The intensity is no longer directly proportional to 
sin? (42/2) on account of the appearance of the term involving 
sin 6, and dark fringes, in general, will not occur according to 
Eq [2]. 

Maximum and minimum intensities in an unbalanced polari- 
scope occur when 


sin 22 sin (63 — 4) 
cos (53 — 5;) — cos? 2p; cos 5; cos 5s. 


tan 6. = 


. [7] 


Hence, instead of a fringe appearing when 6; = 2nz, there will be 
a maximum or minimum intensity when tan 3: is given by Eq 
{7}. This indicates a distortion of the fringe pattern as a func- 
tion of the phase retardations of the crystal plates and the orien- 
tations of the axes of principal stress, since 6,, 53, and p2 are all 
involved in Eq [7]. 

The maximum displacement of the fringes occurs when the 
axes of principal stress are at 45 deg to the direction of polariza- 
tion. In this case Eq [7] reduces to 


tané, = = tan (5; — 4;) 
and therefore a dark fringe appears whenever 
by = 2nw + (83 [3] 


The upper sign is associated with positive values of sin 2 p: and 
the lower sign with negative values of sin 2 p:. Eq [8] for the un- 


balanced polariscope is to be compared with Eq [2] for the bal-: 


anced case. 

Figs. 6(a), (b), (c), (d), and (e) were prepared to show that a 
distortion of the fringe pattern actually does occur when 4; # 4). 
In order to obtain these photographs a Babinet-Soleil compen- 
sator was substituted for the second retardation plate so that 5; 
could be varied at will, and any value of 5; — 5, obtained. The 
figures show, successively, the distortion of the fringe pattern as 


’ Equation [6] and all of the preceding equations may be derived 
from a more general equation given in a paper by the author on 
“Analysis of Doubly Refracting Materials With Circularly and Ellip- 
tically Polarized Light,’’ Journal of the Optical Society of America, 
vol. 27, 1937, p. 288. 
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Fig. 6 


[ (ds 6 #0). (a) bs = w/4; 65 = 0.375 #; 
6; — 6, is varied from 0 to 7. It may be observed that the 
fringes move outward from the center of the ring in the upper 
quadrant and inward in the lower quadrant in accordance with 
the + sign of Eq [8]. The amount of displacement is, from 
Eq [7], a function of 6), 53, and p2 and may be calculated for any 
point in the model. 

A detailed analysis of Eq [6] reveals that for certain values of 
6; and 4; — 4; the intensity at p.2 = 0 is a maximum as p; — 0 
from the positive side and a minimum as p: — 0 from negative 
values. It is therefore to be expected that there will be certain 
combinations for which the fringes are discontinuous at p: = 0. 
This phenomenon is illustrated in Fig. 6(6) for which 6; — 6, = 
0.37 x. 

When the difference between the retardations of the two 
plates has passed through a half cycle (6; — 6; = x) the light and 
dark areas have been completely reversed, Fig. 6(e), and the 
fringe pattern appears as it would in a polariscope with a right- 
cireular polarizer and a left-circular analyzer. 


CONCLUSIONS 


(1) Eq [6] shows that the photoelastic fringe pattern is dis- 
torted in an optically unbalanced polariscope. 

(2) Eq [8] permits the calculation of the allowable limits of 
error in the retardation plates for a specified precision of the 
fringe pattern. From the point of view of the stress analyst, the 
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FRINGE PATTERN AS OBSERVED IN AN UNBALANCED POLARISCOPE 


(c) 4s = w/2; (d) 83 — = 3/4; (e) 53 — = 

most important part of the fringe pattern is that in the region of 
highest stress. Assume, for example, that the tenth-order 
fringe appears in the highly stressed region and that a precision of 
1 per cent is required in this region. Eq [8] shows that the per- 
missible error in the difference between the relative retardations 
of the crystal plates is, in this case, 0.2% or 36 deg. Little skill 
or time is required for the production of such a pair of plates. 

(3) It should be observed that, for a given pair of plates, the 
absolute magnitude of the error is fixed so that a pair of plates 
which produces a 1 per cent error in the stress calculated from 
the tenth fringe will produce a 10 per cent error in the stress cal- 
culated from the first fringe. 

(4) In so far as the accuracy of the monochromatic fringe 
pattern is concerned, it is immaterial, for ordinary photoelastic 
work, whether or not the retardation plates produce one-quarter- 
wave retardations, as long as the difference between their retar- 
dations is small. 

(5) If the retardation plates in a polariscope are different from 
quarter-wave plates, but are nevertheless identical, it follows 
from Eq [6] that the fringe pattern is unaffected. The only ef- 
fect will be incomplete removal of isoclinics. 

(6) Eq [6] also shows that if a monochromatic-light source, of 
wave length other than that for which the instrument is designed 
is substituted in a balanced polariscope, the fringe pattern will 
remain unchanged. 
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The Calculation of Maximum Deflection, 
Moment, and Shear for Uniformly Loaded 
Rectangular Plate With Clamped Edges 


By I. A. WOJTASZAK,' ANN ARBOR, MICH. 


The problem of the uniformly loaded rectangular plate 
with four clamped edges has been solved by H. Hencky? 
and independently by J. Boobnoff. Hencky made refined 
calculations only for the case of a square plate while Boob- 
noff made precise calculations for several ratios of the sides 
of the plate. This article gives the results of calculations 
for maximum deflection, moment, and shear for several 
ratios of the sides of the plate, using Hencky’s equations. 
Curves are drawn with the coefficients, used in defining 
these maximum quantities, as ordinates and the ratios 
of the sides of the plate as abscissas. 


in following notation is used in the paper. See also Fig. | 


= length of plate in x-direction 

= length of plate in y-direction 

= thickness of the plate 

= intensity of lateral pressure on the plate 

Eh’ 

12(1 — 

= Young’s modulus of the material 

= Poisson’s ratio (taken equal to 0.3) 

= shearing stress per unit length of plate perpendicular to 
the plate 

total shearing stress on the bounding edge of the plate 
perpendicular to the plate 

bending moment per unit length of the plate 

deflection of any point of the plate. 


= flexural rigidity of the plate 


& 


= 
ll 


w= 


A brief discussion of Hencky’s solution follows. The differential 
equation of the deflection surface of the plate is 


Taking the origin of coordinates at the center of the plate and the 
z- and y-axes parallel, respectively, to the sides a and 6b of the 
plate, the equation of the deflection surface of the plate is written 
in the following form 


Ox? dy? 


' Assistant Professor of Engineering Mechanics, University of 
Michigan. 

*“Der Spannungszustand in rechteckigen Platten,” by H. Hen- 
cky, R. Oldenbourg, Munich and Berlin, 1913. 
— of Structures of Ships,”” by J. Boobnoff, St. Petersburg, 

Presented at the Joint Meeting of the Applied Mechanics and 
Hydraulic Divisions of THe AMERICAN SoctETy oF MECHANICAL 
ou held at Cornell University, Ithaca, N. Y., June 25 and 

Discussion of this paper should be addressed to the Secretary 
A.S.M.E., 29 West 39th St., New York, N. Y., and will be accepted 
until February 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


n=1,3,5 
- 
net o 
a 53 b 
+ — 
h? nab cosh? 
cos 2a n= 1,3,5,... Dh 


where X, is a function of x alone and Y, is a function of y alone 
and may be written 


nra 
cosh — 2x cosh sinh 


n nab n 
sinh — coh — 2y cosh — sinh 
9 a 2a a 


X, = asinh 
. (3) 
Y, = 


- 


It is seen that w given by Eq [2] vanishes at the boundaries of 
the plate and satisfies Eq [1]. The coefficients A, and B, in 
Eq [2] must be so chosen that the following conditions are 
satisfied 


dw 

ox 2 

{4] 
ofory = = 34 


2 
Substituting Eq [2] in Eq [4] and developing X, and (? — “) 
each into a cosine series with odd multiples of rz/a, also Y, and 


we obtain, after the usual procedure of determining the co- 
efficients of a Fourier series, the equations 


each into a cosine series with odd multiples of ry/b 


8,B, sin = A, 


m= 1,3,5.. 


sin 1.. [5] 
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a,A, sin + Be sin = . [6] 
forn = 1,3,5,... 
where 
b rb ) 
sinh 
a 
= 
[7] 
n n 
nxrb b b 
nea 
cos 


Eq [5] and [6] must be 
B,, in Eq [2]. 
For a square plate (a 


used to determine the coefficients A, and 


= b), Eq [5] and [6] become identical, i-e.,_ 


8, and A, = B, 


an 


so that either Eq [5] or 
system of equations 


[6] gives the following doubly infinite 


1 2 
.70814019 A, | — (5s) A; + 


2 25\2 

4,4 4, | (2) 4.41 
34 74 106 

2 1 2 

A; — A 


TABLE 1 
VALUES OF An FOR VARIOUS VALUES OF b/a 

b/a 1.00 1.25 1.50 1.75 2.00 

n 

1 +1.4138 +1.4592 +1.4692 +1.4693 +1.4682 

3 +0.0943 +0.1367 +0.1489 +0.1506 +0.1502 

5 —0. 1096 —0.1203 —0. 1222 —0.1218 —0.1215 

4 +0.0765 +0.0799 +0.0801 +0.0797 +0.0797 

9 —0 .0523 —0 .0533 —0.0531 —0.0529 —0.0532 
11 +0.0365 +0.0365 +0.0363 +0.0362 +0.0367 
13 —0.0260 —0.0256 0254 —0.0256 —0.0262 
15 +0.0188 +0.0183 +0.0182 +0.0185 +0.0193 
17 —0.0138 —0.0133 0133 —0.0137 —0.0146 
19 +0.0102 +0.0097 +0.0098 +0.0103 +0.0112 
21 —0.0076 —0.0071 —0.0073 —0.0079 —0.0089 
23 +0.0057 +0.0053 +0.0055 +0.0061 +0.0071 
25 —0.0042 —0.0038 —0.0041 —0.0048 —0.0058 
27 +0.0031 +0.0028 +0.0031 +0.0038 +0.0048 

VALUES OF Bn FOR VARIOUS VALUES OF b/a 

b/a 1.00 1.25 1.50 1.75 2.00 
n 

1 Brn = An +1.3232 +1.2291 +1.1493 +1.0863 
3 Bn = An +0.0223 —0.0426 —0.0900 —0.1208 
5 Bn = An —0.0860 —0.0596 —0.0355 —0.0151 
7 Bn = An +0.0674 +0.0559 +0.0445 +0.0341 
9 Bn = An —0 .0487 —0.0434 —0.0377 —0.0321 
1l Bn = An +0.0353 +0.0329 +0.0300 +0.0268 
13 Bn = An —0.0259 —0.0219 
15 Bn = An +0.0193 +0. +0.0177 
17 Bn= An —0.0146 —0.0144 
19 Bn = An +0.0111 +0. +0.0118 
21 Bn = An —0 .0085 —0.0097 
23 Bn = An +0 .0066 +0. +0.0080 
25 Bn = An —0.0050 —0.0067 
27 Bn = An +0.0039 +0. +0.0055 


9 2 9 2 9 2 9 2 

49\2 49\?2 49\2 49 \, 


81 \" + 3.7842918 A 
106) °° 
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We assume that these equations can be solved approximately 
by neglecting all coefficients A, having subscripts greater than a 
certain value r. Thus we have (r + 1)/2 unknowns which we 
can determine by solving simultaneously the first (r + 1)/2 of 
Eq [8]. However, the unknowns A, may be determined to any 
required degree of accuracy by a method of successive approxi- 
mations. For example, the first approximation of the unknowns 
in Eq [8] may be obtained by neglecting the quantities A, to 
the right of the stepped line. Thus from the first of Eq [8! 
the first approximation of A, is 


1 
0.70814019 


| 


The second of Eq [8] gives the following equation for finding the 
first approximation of As 
9 2 


1 .4296989 


where .A; is given by Eq [9]. Proceeding in this manner we find 
the first approximation of A}, As, As, ... A,. 

We find the second approximation of A; from the first of Eq [s} 
thus 


= 1 
TABLE 2 
b/a a 8 b: 
1.00 0.0138 0.0513 0.44 0.250 0.250 
1.25 0.0199 0.0664 0.49 0.298 0.253 
1.50 0.0240 0.0757 0.52 0.332 0.252 
1.75 0.0264 0.0805 0.52 0.357 0.251 
2.00 0.0277 0.0829 0.52 0.375 0.250 
0.0284 0.0833 0.50 0.500 
007} 7 
4 
0.6 7 
005 040 — 
| 
004+- 
002 
0.01 | 
150 175 200 225 175 200 225 
b 
a a 
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where A3, As, Az, ... A, are the first approximations of these 
quantities determined as explained previously. 

The second approximation of A; is given by the second of Eq 
{8], ice., 


9 9 9 \? 
9 2 
(5 5) / 1.200090 (12] 


where A, is the second approximation of this quantity given by 
Eq [11] and As, Az, Ay, ... A, are first approximations of these 
coefficients. Thus we determine the second approximations of 

Proceeding in the manner indicated above we can find the 
third, fourth, ... kth approximation of Ai, A3, As, ... Ary 
the number of approximations naturally depending upon the 
degree of accuracy to which we wish to find the coefficients 
A,, As, As, ... A, The values of A, for a square plate given in 
Table 1 are the result of the third approximation. 

For a plate with b/a = 2 Eq [5] gives 


l 2 
+0. 86662345 B, + (5) 


2.5101907 Bs; + 


to 


3.9478710 Bs + 


.4996309 


.0687181 By + 


and kq [6] gives 


1\3 1 \? 
+0.012513010 A -) B,|—{—) B; 
) it (5) 1 (5) o> 


~~) .036815548 As + 


+0.061359232 As + 


+0.110446617 Ay + 
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Eq [13] and [14] may also be solved for the unknowns A, 
and B, by a method of successive approximations. To obtain 
the first approximations of these quantities all the terms to the 
right of the stepped lines may be neglected. Thus to obtain 
the first approximations of A; and B, we find from the first of 
Eq [13] 


l 2 
0 .86662345B, + (5) 
5 
while the first of Eq [14] gives 
0.012513010A, + (+ {16} 


Solving Eq [15] and [16] simultaneously we obtain the first 


approximations of A; and B,. 
To obtain the first approximations of A; and B; the second of 
Eq [13] gives 


2 
—2.5101907B,; — (:) A; = 


and from the second of Eq [14] we find 


1 9\? 
(2) B,... [18] 


where A, and B, in Eq [17] and [18] are the first approximations 


i\? 
—) .036815548 A; — (:) By = 
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of these coefficients as determined from Eq [15] and [16]. 
Substituting the values of the first approximations of A; and B, in 
Eq [17] and [18] and solving simultaneously for A; and B; we 
obtain the first approximations of these coefficients. In this 
manner we find the first approximations of A;, As, As, ... A, 
and B,, B,, B,, 

To obtain the second approximations of A; and B, we find 
from the first of Eq [13] 


1 \? hy 
0. 86662345 B, + (:) A, = 1+ (+) a.— 


while the first of Eq [14] gives, 


where A;, A;, ... A, and By, B,, ... B, in Eq [19] and [20], 
respectively, are the first approximations of these coefficients de- 
termined as explained above. Substituting the magnitudes of 
the first approximations of A;, As, ...A, and B;, Bs, ... B, 
in Eq [19] and [20] and solving simultaneously for A; and B, we 
obtain the second approximation of these quantities. 

To find the second approximation of A; and B; the second of 
Eq [13] yields 


- 1\* 9 \: \? 
9 \* 9 
a+ (2) A... [21] 


and the second of Eq [14] gives, 


1\’ 1 9 9 \* 
.036815548 A; (:) (2) B, (2) 


9 \* 9 
85 By—... ++... 36 


where A, and B, in Eq [21] and [22] are the second approxima- 
tions of these quantities as determined from Eq [19] and [20] 
while As, A7, ... A, and Bs, B:, ... B, are the first approxima- 
tions of these quantities. Substituting for A,, As, Az, ... A, 
and B,, B,, B:, ... B, their values and then solving Eq [21] and 
[22] simultaneously for A; and B; we obtain the second approxi- 
mation of these coefficients. In this manner we can obtain the 
second approximations of Aj, As, As, ... A,and By, Bs, Bs, ... B,. 

Proceeding in this manner we can find the third, fourth, ... 
kth approximation of A, and B,. The values of A, and B, 
found in Table 1 for b/a = 2 are the result of the sixth ap- 
proximation. 

Computations of A, and B, were also made for b/a equal to 
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1.25, 1.50, and 1.75. The results of these computations are 
given in Table 1. 

Using the values of A, and B, given in Table 1, we proceed 
to find the maximum deflection, moment, and shear in the plate 
under consideration. 

We define the bending moment and shear in the plate by the 
following equations‘ 


ow ow 
M, =—D{({— — 
Oru 
M, =-—-D({— — 
Ox \ Ox? oy? [23] 
a dy \ dz? oy? 
+ +$ 


5 


The subscripts z and y indicate that the moment and shear act 
on sections of the plate perpendicular to the z- and y-axes, re- 
spectively. 


b 
It is to be noted that for = 5 1 we obtain from Eq [2] and [23] 


pa‘ } 

M mex 0/2 Bpa’; R, — 6,pab [24] 
y= 


*Qmax = (Q,)xea/2 = — ypa; R, = — 


* Since for a plate with clamped edges the twisting moment 
My = D(l — p) oe vanishes at the boundaries of the plate 
write (Q.)max instead of the 
(0. _ a) for shear at the edge xz = a/2. 


we may precise expression 


From Eq [24] Table 2 of coefficients for various values of 
b/a was compiled. 

This table agrees essentially with that compiled by J. Boob- 
noff? based on a completely different and more complicated 
method of solving Eq [1]. The results found in Table 2 are 
represented in the form of curves in Figs. 2 and 3.6 The magni- 
tudes of the coefficients used in defining the maximum deflection 
moment and shear (see Eq [24]) are taken as ordinates and the 
values of b/a are taken as abscissas. 


‘ For a derivation of these equations see ‘‘Theory of Elastic Sta- 
bility,” by S. Timoshenko. McGraw-Hill Book Co., New York, 
1936. 

* “Stress and Deflection of Rectangular Plates,’’ by I. A. Woj- 
taszak, Journal of Applied Mechanics, Trans. A.S.M.E., vol. 58, 
1936, p. A-71. 
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The Stability of a Clamped Elliptic 


Plate Under Uniform Compression 


By S. VOINOVSKY-KRIEGER,' BERLIN, GERMANY 


The energy criterion of stability, investigated by G. N. 
Bryan and S. Timoshenko, has been applied with great 
success to numerous problems of buckling of thin elastic 
plates submitted to compressive or shearing forces in their 
own plane. The cases discussed up to the present have 
concerned almost exclusively rectangular plates, this form 
of the plate being practically the most important. The 
application of the energy method to plates bounded curvi- 
linearly will now be illustrated by the case of the elliptic 
plate. 


NOTATION 


2e = distance between the foci of the bounding ellipse of the 
plate 

a =ccosha!/ _ semiaxes of the bounding ellipse of the 

b =csinh a) plate 

= 

ji j elliptic coordinates of the middle plane of the plate 

= 

= c cosh cos | the corresponding rectangular coordi- 


y = csinh sin nates 
w = lateral deflection of the plate 
w,, = notation for 0,,2/dz* 


= notation for 0?w/drdy 
= abbreviation for )/dx? + 07( 
= abbreviation for + 07( )/dn? 


ae principal curvatures of w(z, y) 
= 

h = thickness of plate 

E = modulus of elasticity 

v = Poisson’s ratio 


D Eh3/12(1 v?) flexural rigidity of the plate 


even positive integers 


Suppose a thin elastic plate is subjected to compression of 
amount p per unit length of the edge acting in the middle plane 
of the plate. The corresponding compressive strain then is 
p/h throughout the plate. Assuming a buckling of the plate, the 
total potential energy of the system increases by 


f D{( Aw)?/2— (1 yy — Wey?) dy — 


(w,? + w,%)dx dy..........{1] 


the integrals being taken over the area F of the plate. The first 


! Berlin, Schéneberg, Germany. 

Presented at the Joint Meeting of the Applied Mechanics and 
Hydraulic Divisions of THe AMERICAN Society oF MECHANICAL 
Enatnerrs, held at Cornell University, Ithaca, N. Y., June 25-26, 
1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


term in Equation [1] represents the energy of the bending of the 
plate; the latter term contains the extensional energy due to 
deflection as well as the variation of the potential energy of the 
external forces p. 

In the particular case of a rectangular plate the integral con- 
taining p might be interpreted as the work of the mere edge forces; 
the deflection then has to be supposed inextensional and the edges 
displaced in the plane of the plate. In general, however, the in- 
terpretation previously mentioned fails, the deflection of the 
plate being for geometrical reasons impossible without a slight 
extension (or compression) of its middle plane. Therefore, re- 
placing the second integral in Equation [1] by an integral express- 
ing the pure work of external forces, we generally get a result 
more or less inaccurate.? 

We now revert to our initial problem. The critical load p,,, 
producing a buckling of the plate, can be determined as making 
J a minimum for the given boundary conditions, this minimum 
being just zero.’ In the special case of clamped edges the term 
S (w,,Wyy — W,,2)dz dy = vanishes over the area of 
the plate, this integral then being proportional to the total 
curvature of the deflected middle surface. Consequently w(z, y) 
is to be chosen in such a way that 


p= dz + w,?)dz dy 


P F 


becomes a minimum under the condition that the deflection and 
the inclination of the tangent both vanish at the edge. 

In the case of a plate bounded by an ellipse z*/a? + y?/b* = 1 
we use elliptic coordinates £, 7 in order to simplify the evaluation 
of the integrals, Equation [1]. For the edge line we then get the 
equation — = a and for the integrands contained in Equation 
[1] the expressions 


2 Vw 
Aw =- 
c? cosh 2 — cos 2n 
9 
2 we? + Wy 
+ w,? = 


c? cosh 2 — cos 
dxrdy = (cosh 2 — cos 2n)dtdn 


the limits of integration being § = 0 and a, » = 0 and 2r re- 
spectively. Therefore the expression for p to be made stationary 
becomes 


? Equating the bending energy to the work of external forces in 
the case of circular plate with clamped or supported edge, A. and L. 
Foépp!l arrive at critical loads, lying about 40 per cent below the corre- 
sponding results of the exact solution.—‘‘Drang und Zwang,”’ by 
A. and L. Féppl, R. Oldenbourg, Munich and Berlin, vol. 2, 1928, pp. 
321-322. 

3 For other equivalent definitions of the condition of instability 
see ‘‘Energiekriterium der Knicksicherheit,’’ by H. Reissner, Zeit- 
schrift fiir angewandte Mathematik und Mechanik, vol. 5, December, 
1925, p. 475. Also: “Stability of Rectangular Plates Elastically 


Supported at the Edges,’ by A. Miles, JourNnat or AppLrep 
CHANICcs, Trans. A.S.M.E., vol. 58, 1936, p. A-47. 
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a in 
2D (V w)*didn 
fa — cos 2n [ove + w,y*)didn [2] 
0 


The lowest critical value p,, corresponds clearly to a deflec- 
tion w(t.) symmetrical to both the axes x and y. We can 
satisfy these conditions of symmetry together with the boundary 
conditions w = 0 and w; = 0 at § = a@ putting 


in which 
¢, = (cosh na — cosh nt)*(cosh na — cos nn)? 
andn = 2,4,6,.... 

The coefficients A, have to make the expression, Equation [2], 
for p to minimum. Substituting the series Equation [3] in 
Equation [2] and equating the partial derivations of p with re- 
spect to any coefficient A,, to zero, we get a set of equations for 
A, in the form 
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Qu = tog «tt sinh 30a + 49 sinh 26a — 125 sinh 22a + 


385 sinh 18a — 1439 sinh l4a + 2947 sinh 10a — 
5263 sinh 6a + 8235 sinh 2a) 


Ss 
— = (sinh 22a — sinh 18a — 5 sinh 14a + 21 sinh 10a — 
60 sinh 6a + 108 sinh 2a) 
hb. = = (sinh 16a — 6 sinh 12a + 14 sinh 8a — 14 sinh 4a) 
bu = _ (sinh 32a — 6 sinh 24a + 14 sinh 16a — 14 sinh 8a) 


a (3 sinh 24a — 20 sinh 20a + 68 sinh 16a — 156 
sinh 12a + 239 sinh 8a — 200 sinh 4a) 


Now, p,,” is obtained from the quadratic equation [7], by the 
smaller of its roots, both of these roots being positive. The 
numerical values p,,” and p,,’/p”., for variable values a/b = 
coth a are given in Table 1. 


. 2D The values of the ratio p,,’/p,," show that the first approxi- 
) = ann — Paban) A,=0. --[4] mation is still not very satisfactory. The exactitude of the second 
ae8 approximation can be estimated most simply by comparison with 
TABLE 1 
= = 10 11 212 218 14 #215 20 80 40 6.0 
Pal 2 = 14.79 13.57 12.76 12.20 11.81 11.54 11.02 11.01 11.15 11.30 
Per’/Pe” = 1.082 1.081 1.080 1.078 1.077 1.075 1.070 1.066 1.059 1.050 


in which m is successively equal to 2, 4, 6, . . . and the values of 
a,,,, and b,,,, are given by 


a 


Ve, Vv 
Onn Pn didn | 
cosh 2¢ — cos 2n 

0 0 


a 


| 
6 


The values A, each being zero, the plate remains plane. The 
second alternative allowed by the system of Equation [4] is 
the vanishing of its determinant, this giving the required equa- 
tion to calculate the critical load p,,. 

In order to obtain the first approximation for p,, we retain 
only the first term of the series, Equation [3]. The result then 


. [5] 


simply is 
2D _ 2D sinh? a 


For the next approximation, which appears practically suffi- 
cient, we have to keep the two first terms (n = 2, 4) of the series. 
Writing 2D sinh? a/b? = d and denoting the second approxima- 
tion of p,, by p.,” we get the corresponding condition of in- 
stability as follows 


— Dep” (N44 — Poy" bas) — (N24 — = O 
Evaluating the integrals Equation [5] we find: 


[7] 


Qn = = (sinh 14a — sinh 10a — 9 sinh 6a + 25 sinh 2a) 


the result p,, = 14,684D/b? of the exact solution‘ for the clamped 
circular plate (a/b = 1). The value p,,” in the table is seen to 
exceed this exact value only by 0.7 per cent. For other values 
Per” we are allowed to assume at least the same accuracy. 

For b fixed and a — o, that is to say for a — 0, the limit of 
Equation [6] becomes p,,’ = 12D/b*. A closer approximation 
has not been calculated, the evaluation of the limit in question 
appearing rather troublesome and the case being of no practical 
interest. However, it should be noted that the critical load for 


an infinitely extended elliptic plate does not coincide with the: 


value p,, = x*D/b? corresponding to the infinitely long strip of 
the breadth = 2b. Extrapolating the last row of the table, the 
former value is easily found to exceed the latter (according to 


the smaller average breadth = zab/2a = b < 2b of the 


“elliptic strip’) by about 15 per cent. 

So far, the edge of the elliptic plate has been assumed clamped. 
The case of a supported edge may be treated in like manner, 
but the whole calculation would appear considerably more 
complicated. An approximative evaluation of the critical load 
in this case, however, affords no difficulty. In fact, a clamping 
of edges is known to increase the critical load of the circular plate 
3.5 times and the critical load of a strip 4 times. To get this load 
in the case of elliptic plate with supported edge we should divide 
the values p,,”, compiled for different values a/b in the foregoing 
table, by a factor obtained by suitable interpolation between 3.5 
and 4. The accuracy of the result ought to be sufficient for prac- 
tical purposes. 

¢“On the Stability of a Plane Plate Under Thrusts in Its Own 
Plane, With Applications to the ‘Buckling’ of the Sides of a Ship,” 


by G. H. Bryan, Proceedings of the London Mathematical Society, 
vol. 22, December 11, 1890, p. 54. 
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Recent Research in Elasticity 


By J. N. GOODIER,! TORONTO, CANADA 


the last review of research in elasticity? published in the 

JouRNAL OF APPLIED Mecuanics have appeared in Zen- 
tralblatt fiir Mechanik and Science Abstracts A. No good pur- 
pose can be served in a brief review by attempting to deal with 
more than a fewof these. Choice is naturally governed largely 
by personal bias and accessibility, and is made from such papers 
as appear to fit best a reasonably connected account. 

A rather full review by Cox and Sopwith? of a limited group 
of papers was published in 1936. Another review by Péschl,‘ 
more exhaustive but less detailed, also appeared in 1936. A 
list of nine books is given at the beginning of the bibliography 
at the end of this paper. 


\ BSTRACTS of approximately 300 papers published since 


STABILITY 


The criteria of stability for the rectangular plate under various 
conditions have been known for some years, but the clamped 
plate has been an exception on account of analytical complexity. 
It is the subject of several recent papers. G. I. Taylor obtained 
an estimate of the critical all-round thrust for the clamped 
square plate in 1933, by a combination of exact solutions of the 
differential equation which issues in the vanishing of an infinite 
determinant as the equation of the critical thrust. Approxima- 
tions are made by taking a finite number of rows and columns. 
Another fairly close estimate is obtained by the Rayleigh method. 
Similar calculations were made by Faxén. Weinstein and Trefftz 
attacked the problem by a different method. The analytical 
problem of satisfying the differential equation and the bound- 
ary conditions may be transformed into the problem of minimiz- 
ing a certain integral. The true deflection is that one of the in- 
finite class of functions satisfying the boundary conditions which 
also satisfies the differential equation, or alternatively makes 
the integral in question less than does any other function of the 
class. If now we arbitrarily extend this class, as for instance by 
dropping or merely relaxing one of the edge conditions, the ex- 
tended class can give only a minimum integral less than or equal 
to the old minimum, for if we extend a set of numbers we intro- 
duce a new least member (if any one of the newcomers is smaller 
than the old least member), or else the old least member re- 
mains least (if none of the newcomers is smaller), This is the 
basis of the Courant method as developed by Weinstein and 
Trefftz, and evidently it gives a least integral smaller than the 
one we seek. The Ritz-Rayleigh method on the other hand re- 
lies on the class of functions which satisfy all edge conditions 
(but not the differential equation), but of this class it considers 
only the part given by a series of selected special functions with 
disposable parameters. Thus, the minimum integral obtain- 
able from this reduced class must be either the same as, or greater 
than, the minimum we seek. Using a relaxed boundary con- 
dition in integral form, Weinstein transforms the problem by 
means of the calculus of variations into the solution of a dif- 
ferential equation much simpler than the general form. He and 
Trefftz, confine themselves to the square plate under all-round 


* Ontario Research Foundation, and Department of Civil Engi- 
neering, University of Toronto. 

“Recent Research in Elasticity,” by J. N. Goodier, JouRNAL oF 
AppLiep Mecuanics, Trans. A.S.M.E., vol. 58, March, 1936, p. A-26. 

* Reports of Progress in Physics—‘‘Elasticity,” by H. L. Cox and 
D. G. Sopwith, Physical Society of London, vol. 3, 1936, p. 9. 


‘“Mechanies of Solid Bodies,” by T.'Péschl, Die Physik, vol. 4, 
no. 4, 1936, p. 131. 


thrust. Maulbetsch (10)* has extended all these results in cal- 
culations for plates of various proportions compressed on two 
opposite sides only, employing both the Courant-Trefftz and 
the Rayleigh-Ritz methods. He is thus able to plot curves of 
critical thrust versus ratio of sides, one above the true curve, 
the other below. The closeness of the two is very satisfactory, 
especially when the plate is not far from square. Iguchi (11) 
has obtained solutions for several edge conditions on the square 
plate by a method somewhat different from Taylor’s. 

The methods described can, of course, be applied in many other 
problems. Tomotika (12) has used them to find a very accu- 
rate value for the lowest natural frequency of the clamped 
square plate. 

Trefftz and Willers (13) give an extension of the Rayleigh- 
Ritz method, employing the upper limits it normally gives in 
the construction of lower limits. They illustrate this in the 
problem of the simply supported square plate under shear. 
However, the gap between the two limits is some 20 per cent. 
Leggett (14) has worked out stability criteria for the long rec- 
tangular plate, with slight cylindrical curvature, under uniform 
shear. 

The bearing capacity of thin-plate structures is not fully real- 
ized at the point of instability. Further load may be sustained 
as the deformation is permitted to proceed, a fact which is turned 
to account in monococque airplane construction. Such defor- 
mation, however, soon oversteps the range of the usual approxi- 
mate linear relations between strain and the derivatives of the 
displacement without the elastic limit being exceeded. Green 
(15) has investigated the corrections thus arising in the problem 
of the twisted strip, proceeding from the differential equations, 
and Marguerre and Trefftz (16) consider, by an energy method, 
a long strip simply supported at its edges and compressed along 
its length. 

Way (17) and Barbré (18) have found, analytically, stability 
conditions for rectangular plates with stiffeners, the former for 
shear and shear with bending, and the latter for simple thrust on 
two opposite sides. 


Stress ANALYsIs IN Two DIMENSIONS 


Some years ago, Howland developed functions suitable for 
the analysis of stress near circular holes in strips, and obtained 
the solutions of a number of problems which have been well-con- 
firmed by photoelastic measurements as far as these have been 
made. In arecent paper (19) he extends this work, constructing 
functions of a periodic character appropriate to an infinite row 
of holes. The only relevant photoelastic measurements appear 
to be those of Capper, and in the one instance where comparison 
is possible the agreement is good. For tension perpendicular 
to the row, the stress concentration is greater than at an isolated 
hole, but for tension parallel to the row it is less. Such results 
are usual for groups of “‘stress raisers.” Maunsell (20) has em- 
ployed a similar mathematical method to calculate the stress 
concentration in a semi-infinite plate under tension parallel to 
the edge due to a semicircular notch. Beginning with the stress 
function for a concentrated force on the edge, he derives others 
by successive differentiation which are equivalent to the forma- 
tion of doublets of force and higher singularities, all the derived 
functions thus automatically satisfying the stress-free condition 


*’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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of the straight edge. This is a method which has proved effective 
in many problems of mathematical physics. An _ infinite 
series of functions with arbitrary coefficients emerges, of 
sufficient generality to satisfy any regular conditions at the 
notch. The concentration factor in tension is found to be 
very near to 3. The photoelastic measurements of Capper 
which gave 2.5 are quoted, but the later measurements of Frocht 
indicate a value close to 3. 

Mindlin (21) has generalized solutions obtained by J. H. 
Michell for the circular disk by the inversion transformation, and 
gives a concise result for the concentrated force at an eccentric 
point. Chitty and Pippard (22) have made stress calculations 
for disk wheels with and without rims, using the plane-stress 
theory of the circular disk andring. In a later paper (23) they 
describe the use of models cut from thin sheet rubber and floated 
on mercury for the experimental solution of two-dimensional 
problems. The strains are measured by a micrometer micro- 
scope. The example they give is from the previous paper. The 
results are very good, and the authors consider that the method 
is a promising one. The difficulties of buckling in regions of 
compressive stress appear to be easily overcome. 


PHOTOELASTICITY 


A paper by Tuzi and Nisida (24) describes their studies of im- 
pact on beams and rings by high-speed kinematography, with 
exposures ranging from 1/5000 to 1/50000 sec. The stresses 
obtained from the photoelastic records reach 80 and 90 per cent of 
the theoretical values. Meyer (25) has made a photoelastic 
examination of a vibrating cantilever using a stroboscope syn- 
chronized with the vibrations. 


TORSION AND FLEXURE 


A method has been developed by Seth for the construction of 
a type of function related to polygonal boundaries which includes 
the torsion and flexure functions of the Saint Venant theory. 
He uses the method to solve the flexure problem for the rectangle 
and several kinds of triangle (26). Kondo (27) employs the 
method of distribution of singularities to build up torsion func- 
tions for circular shafts with two, three, and four holes of par- 
ticular size and location. Green (15) considers the equilibrium 
(and stability) of a thin strip in torsion, both experimentally 
and analytically. The twist may be considerably greater in 
steel than the Saint Venant theory permits without imparing 
elasticity. The couple then consists of the usual term pro- 
portional to the twist plus another proportional to its cube. 
This latter term is found to arise entirely from extension and 
contraction of longitudinal filaments. It is known that such a 
term can be obtained from elementary considerations once this 
cause is assumed, but Green’s work is based on general equations 
and shows that there are no other correction terms of the same 
order of magnitude. The flexure problem for a cardioidal sec- 
tion has been solved by Shepherd (28). Reichenbicher (29) 
describes an apparatus which automatically draws the lines of 
constant slope of a soap film. The optical part is arranged with 
ring apertures so that only a ray reflected at a definite angle can 
pass; this ray then operates a lamp through a photoelectric 
cell, and so makes a spot on sensitive paper. The whole ap- 
paratus is moved over the film in an arbitrary manner with the 
result that a succession of spots is obtained, marking a line of 
constant slope of the membrane. 


FLEXURE OF PLATES 


Holl has applied the method of finite differences to several 
problems in the Poisson-Kirchhoff theory of thin plates with 
small deflections. One of these (30) relates to a rectangular plate 
clamped along one edge and loaded by a single force at the 
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Macgregor had previously con- 


middle of the opposite edge. 
sidered infinite length. 

The influence of small circular and elliptical holes on the 
flexure of plates is analyzed in a recent paper (31). They give 
rise to a concentration of stress in much the same way as in the 
well-known case of the stretched plate, but on the whole of less 
intensity, presumably on account of the mutual restraint be- 
tween the half thickness which is in tension and the half thick- 
ness which is in compression. Olsson has solved some problems 
of plates of variable thickness, particularly where the flexural 
rigidity has a linear variation. In a recent paper (32) he treats 
the circular plate with a rigidity as the exponential of the nth 
power of the radius, arriving at an analytical solution. 

When the deflection of the plate is not small in comparison 
with its thickness the Poisson-Kirchhoff theory will generally 
fail by neglect of the strains of the middle surface and the asso- 
ciated stress resultants. The amended equations are nonlinear 
and present formidable difficulties. Recourse must usually be 
had to finite differences and numerical calculation, and a number 
of problems have been so treated. A paper by Kaiser (33) de- 
scribes such an investigation into the behavior of a simply sup- 
ported thin square plate with uniform loading, the results being 
confirmed by the measurements of deflection and surface strain 


THERMAL STRESS 


Thermal-stress analysis is of some interest in connection with 
the residual stresses of welding, and a number of problems have 
recently been solved with this application in view. Most of 
this work is referred to in a recent article (34). A later paper 
(35) deals with the general three-dimensional problem and shows 
that it can be readily reduced to an ordinary problem of elasticity, 
especially when the temperatures are governed by the usual 
law of heat conduction. It is shown, also, that each heated 
element of volume behaves like a center of pressure proportional! 
to the elementary volume and its temperature. The problem 
of the circular cylinder with two-dimensional temperature dis- 
tribution is solved. 


IMPACT 


Experiments on the impact of steel rods end to end, designed 
to show the influence of the geometrical form of the impinging 
surfaces, are reported by Prowse (36). The duration of contact 
is measured by the fraction of a condenser charge passed by the 
contact. Mason (37) has described experiménts on the impact 
of a heavy ball on a beam. The theory of this kind of impact 
was modified by Timoshenko in order to take into account, not 
only the elasticity of the beam as a whole, but also the local 
(Hertz) deformation in the neighborhood of the contact; this 
theory is confirmed. Theduration is measured by anoscillograph, 
the contact pressure by the size of the contact area, and strain- 
gage records give the stress in the beam. Transverse impact on 
a beam, the duration being great compared with the beam’s 
natural period, is examined analytically by Lennertz (38). 


FRAMEWORKS 


New methods for stress analysis of complex frameworks have 
been developed in recent years. The moment-distribution 
method of Hardy Cross is now well-known. Southwell (39) 
has developed general methods from a similar point of view. 
All joints but one are imagined as rigidly fixed. The influence 
of any force or displacement applied to this joint can then be 
easily calculated. By judicious repetition of such calculations 
for each joint, the framework is brought step by step toward 
its actual condition, the forces in the members being evident at 
each step. Southwell considers the difficulties and peculiarities 
of the method in some detail. He has also given an analytics! 
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method for ring and tubular frameworks as they occur in air- 
ship construction. The latter theory, in finite differences, is 
the counterpart of the Saint Venant torsion-and-flexure theory 
for solid bars. 

The fact that the deflection of a beam may be related to the 
bending moment in the same way as the latter is related to the 
load per unit length gives rise to useful methods of structural 
analysis. This analogy has been extended by several Russian 
authors. Jagn (40) gives a generalization to straight or curved 
beams loaded and constrained in any manner, and makes appli- 
cations to frameworks and continuous beams. 


GENERAL 


Saint Venant’s principle of the equivalence of all modes of 
distribution of a resultant acting on a small part of a body, in 
regard to effects beyond the immediate neighborhood of the 
load, has been generally accepted without proof. It has now 
been shown that it may be deduced in a simple manner from 
strain-energy considerations (41). Southwell (47) has given a 
further development of Castigliano’s principle of minimum 
strain energy, employing it to derive the conditions of compati- 
bility of strain, the Saint Venant theory of pure flexure and tor- 
sion, and the solution of the curved-beam problem in plane stress. 
Mindlin (42) has found formulas for the stress in a semi-infinite 
solid due to a force at an internal point, using a general solution 
of the elasticity equations due to Boussinesq and Galerkin. 
Biot (43), using another general solution due to Papkovitch and 
Neuber, has obtained formulas for the spreading out of concen- 
trated pressure through a layer of elastic ground on different 
types of supporting layer. The relations between the two gen- 
eral solutions in question are pointed out in a paper by Mindlin 
(44). The theory of edge effects in loaded hemispherical shells 
has been extended by Hollister (45) to the case of the tapered 
edge. A discussion of finite strain in elastic problems, begun 
by Seth in 1935, is continued in a recent paper by Shepherd and 
Seth (46) on symmetrical states of the sphere and cylinder. 

It was shown by Clebsch that if the stresses o,, ¢,, 7,, are 
assumed to vanish in a bar parallel to the z-axis, the Saint 
Venant equations for torsion and flexure due to end loads follow 
without further assumptions. Filon (48) points out that the 
vanishing of these stresses implies one other state of stress (cor- 
responding to loads on the curved surface as well as on the ends) 
in which ¢, is a (constant) multiple of z, and which has escaped 
notice. He shows that it provides solutions for a plug driven 
into a tight hole, a cylinder driven between two rough parallel 
planes, and a cylinder between two rough planes sliding in op- 
posite directions. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Design of Press- and Shrink-Fitted Assemblies 


By O. J. HORGER! ano C. W. NELSON,* CANTON, OHIO 


PART 1 


HIS DISCUSSION presents design data based prin- 
"TL coats on a review of the literature available on the 

subject of press- and shrink-fitted assemblies. Con- 
siderable confusion and misunderstanding exist in the practices 
being followed and this is an attempt to clarify this problem. 


Press-FiTTinG PRActTIcES 


Two general methods of specifying the fitting of two members 
are by (a) maximum pressing force or (b) fit allowance. 

Railroad experience has contributed the basis of a widely 
adopted and satisfactory practice in the first case. The Associa- 
tion of American Railroads (1)* specifies several conditions for 
mounting various diameter crankpins and axles in wheels which 
may be summarized as follows: 

1 Maximum pressing force: Cast-iron wheels, 6 to 10 tons 
per in. of axle diam, approximately. Steel wheels, 10 to 16 
tons per in. of axle diam, approximately. 

2 Lubricant mixture of 12 lb white lead to 1 gal of boiled 
linseed oil between the fitted members. 

3 The pressing-force diagram 2 should rise steadily until 
the wheel is seated as shown in diagram 1 of Fig. 1.¢ 

This practice produces an assembly which has sufficient holding 
ability and sufficiently low stresses in the wheel for safe operation. 
When the pressing force obtained on an assembly is above 
or below the specified values, then this practice is subject to 
abuse by changing the consistency of the lubricant to obtain the 
specified force for a fit which is either too loose or too tight. 
Many shops are using micrometers or gages so that a certain 
range of fits is established for various classes of assembly work 
and material. This virtually adds a fourth arbitrary condition 
to those already given. 

The practice followed in automotive, industrial, and other 
production assemblies usually specifies a certain range of toler- 


1 Research Engineer, 
A.S.M.E. 

* Research Laboratory, Timken Roller Bearing Co. Jun. A.S.M.E. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

‘if the pressing force drops off as shown in diagram 2, the ma- 
chine work of the bore and wheel seat is at fault. In diagram 3, 
either the fit was not enough or the lubricant was too thick. Also 
it appears that the wheel was pressed against the collar fillet at the 
end of the wheel seat giving the sharp rise at the end of the diagram. 
In diagram 4, the fit may have been too heavy so that the curve did 
not rise steadily and the wheel must have hit the collar fillet. 


Timken Roller Bearing Co. Member 


ance on the fitted members so that a minimum interference 
allowance gives a sufficiently tight assembly while the maximum 
will not produce excessive stresses in the outer member. The 
American standard system of force-fit and shrink-fit tolerances 
as well as others given in handbooks are examples of this fitting 
practice. 


Factors INFLUENCING THE DEsIGN OF TIGHT-FITTED JOINTS 


The first requirement in the design of press or shrink fits is 
of course that the joint must not fail. A joint can fail because 
of fracture of the outer member, relative displacement between 
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the two members, or fracture of the inner member. Considera- 
tion must also be given to economy of material, manufacturing 
cost, and difficulty of making the assembly. Accordingly, the 
press- or shrink-fit problem can be separated into the following 
divisions, of which the first two will be discussed here and the 
latter two subsequently. 

1 Stresses as determined by the dimensions and fit allowance 
of the members. 

2 Holding ability of the joint for transmission of axial forces, 
torque, and bending moments, and the effect of centrifugal forces 
on such holding ability. 

3 Factors influencing assembly and holding ability 


a Shape of end of axle and wheel bore, and prestressing 

b Lubricant used in joint, and method of assembly 

ec Surface-finish conditions including out-of-roundness and 
straightness or taper 
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Number of times members have been pressed together 
Material and heat-treatment 
Length of setting time after assembly is made 
Kind of loading, whether constant or alternating 
Velocity of assembly. 

4 Fatigue failure of the axle due to weakening effect of fitted 
member. 


~aQ 


1 Srresses Due To Fit ALLOWANCE 


Two principal stresses, tangential tension o, and radial com- 
pression ¢, are set up in a ring tight-fitted to an axle as shown 


COMPRESSION TENSION 


g 

& Semo | 6¢ max 
2 | 

(c) 


Fic. 2 DiaGrams or STRESSES IN THE Hus oF A PREsS- OR SHRINK- 


Fir AsseMBLY, Dve To THE Fir ALLOWANCE 
{(a) Showing how the principal stresses, o¢ and ge, decrease from a maximum 
(absolute) value at the bore of a press- or shrink-fitted hub to a minimum 
value at the outer circumference of the hub. (6b) When the axle and hub 
have equal lengths, the maximum principal stresses at the bore, o¢ max and 
oe max, do not vary along the length of the fit. (c) Showing variation of 
otmax and ce max along the length e the fit when the axle is longer than the 
ub. 


TABLE 1 
UNIT PRESSURE BETWEEN HUB & SHAFT EXPRESSED IN 
TERMS OF e, THE PRESS FIT PER INCH OF SHAFT DIAM 


P'UNIT PRESSURE BETWEEN HUB & SHAFT 
e@=PRESS FIT PER INCH OF SHAFT DIAM 
D-OUTSIDE DIAM OF HUB 
d=NOMINAL OUTSIDE DIAM OF SHAFT 

*DIAM OF BORE OF HUB 
dj, =DIAM OF BORE OF HOLLOW SHAFT 
E,*MODULUS OF ELASTICITY FOR HUB MATERIAL 
E-MOOULUS OF ELASTICITY FOR SHAFT MATERIAL 
POISSON'S RATIO FOR HUB MATERIAL 
M-POISSON’S RATIO FOR SHAFT MATERIAL 


PRESS-FITTED MEMBERS p 


HUB & HOLLOW SHAFT e 
OF DIFFERENT MATERIALS | 1 
e 
2d 
2 z 


HUB & HOLLOW SHAFT 
OF SAME MATERIAL 


CAST IRON HUB & 
HOLLOW STEEL SHAFT 
E-E/2 


HUB & SOLID SHAFT e 

OF DIFFERENT MATERIALS | 1 [/0%+d* on 
+] 

HUB & SOLID SHAFT 

OF SAME MATERIAL 2 o 


CAST IRON HUB & 
SOLID STEEL SHAFT 
E,*E/2 


€ 2. 


in Fig 2 for purely elastic deformation. Fig. 2(a) shows how 
o, decreases from the bore to the outside of the ring while the 
value of the compressive stress ¢, is greatest at the bore and zero 
at the outside of the hub. Fig. 2(b) indicates how the stresses 
at the bore of the hub, when the axle is the same length as the 
hub, do not vary along the length of the fit while Fig. 2(c) shows 
schematically how the hub stresses at the bore vary along the 
length of the fit when the axle protrudes from the hub (3). In 
calculating the stresses in a hub and axle due to fit allowance, 
the end effect illustrated by Fig. 2(c) is usually neglected and 
the stresses are calculated from Lamé’s formulas for cylinders 
subjected to uniform internal or external pressure (3). 
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Table 1 gives the unit pressure p acting on the contacting 


surfaces of the fitted members® due to the fit allowance.* Table 
19,000 "4 040 
18,000 UNIT PRESSURE BETWEEN V Aes 
STEEL HUB ANO STEEL SHAFT 7; UNA, 
. ’ 2 
«15,000 =50°+10* Lb. per Sq. In. VA AL 
YY Ky Or 
14,000 
4 22 | | 
!5,000 — Y 7 
9,000 7, Ze 75 
6,000 YY G 085 
3 5,000 YA 
wae 255-5088 
1,000 — 
00004 4400006 00008 O001I0 00012 0.0014 


Allowance per Inch of Shaft Diameter-e 


Fic. PressurE BETWEEN Hus anv S1EEL SHAFT IN A 
Press or SHRINK Fit 


£14,000 0 

REUSED! 

413,000 0.20 

—— UNIT PRESSURE BETWEEN 770.25 

990 -—|CASTIRON HUB AND STEEL ours VA 030 

. ol 

B= 50-108 Lb. per Sain. 

9000 | —p2Poisson’s Ratio = 0.27 we a 

=" 

§ 6,000 

5,000 BZZ Z 

—" 

® 2900 090 

— 

— al/D 

5 

0.0002 00004 00010 


0.0006 
Allowance per Inch of Shaft Diameter-e 


Fic. 4 Pressure Between Cast-Iron Hus anp STEEL SHAFT IN 
A Press or SHRINK Fit 


6’ Spokes or other portions beyond the hub are often neglected 
in their effect on contact pressures as they usually increase D only 
a small amount. If an equivalent D is estimated, the per cent error 
in the calculated contact pressure will be much less than the per cent 
error in estimating D. 

6 Since the modulus of elasticity for cast iron varies with the stress, 
an average value is usually used. 4 
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2, based on Lamé’s equations, contains a summary of expressions 
for the radial stress, tangential stress, and radial displacement 
at any radius in the hub or axle of a fitted assembly in terms of 
the unit pressure p. Figs. 3 and 4 by Baugher (4) can be used 
for determining the value of p when the shaft is solid’ instead 
of calculating p from one of the expressions in Table 1. 


TABLE 2 
STRESSES & DISPLACEMENTS IN A HUB & SHAFT 
WHICH ARE PRESS-FITTED TOGETHER 
r=ANY RADIUS MEASURED FROM CENTER LINE OF SHAFT OR HUB 
L*LENGTH OF FIT 
M-BENDING MOMENT IN THE SHAFT AT THE HUB FACE FROM WHICH THE 
SHAFT PROJECTS 
V*TOTAL TRANSVERSE SHEARING FORCE AT THE SAME. CROSS SECTION OF 
THE SHAFT, WHEN AS HUB FACE 1S APPROACHED 


; 52,000 FOR OTHER NOTATIONS SEE TABLE 1 
A} 48,000 | | | | | | | | FOR HUB WITH:- [FOR SHAFT WITH:| FOR SOLID SHAFT 
MAXIMUM EQUIVALENT TENSILE STRESS IN HUB D-OUTSIDE DIAM] d:OUTSIDE DIAM] WITH:- 
‘ FOR STEEL SHAFT AND STEEL HUB OF ANY d*INSIDE DIAM | di-INSIDE DIAM | d-OUTSIDE DIA 
44,000 OUTSIDE DIAMETER. a L°HUB LENGTH 
= Stress =Ee TANGENTIAL STRESS a (op at a2 
4 40,000 E=30+/0°Lb. per SqJn. 7 AT ANY RADIUS, +) P -P 
0 TANGENTIAL STRESS 2a? (d? + di?) 
3. 36,000 AT OUTSIDE DIAM (ot-aty P ait) P 
=¢ 2 
=5S 32.000 TANGENTIAL STRESS +d 
AT BORE a) P P 
28,000 RADIAL STRESS (0% sr". 
& 24,000 RADIAL STRESS 
¥-) AT OUTSIDE DIAM P P 
4 ai A AT BORE P 
16, 4 MAX. EQUIVALENT TEN- 
SILE STRESS AT ANY RAD. d a? ae 
12,000 #2 X MAX. SHEARING STRESS] P P P 
AT SAME RADIUS 
8,000 MAK. EQUIVALENT TENSILE 2d* p (d? +4,*) 
4,000 STRESS AT OUTSIDE DIAM (0?-d?®) 
00002 00004 0.0006 0.0008 0.0010 0.0012 0.0014 MAX. EQUIVALENT TENSILE 202 2a? 
Allowance per Inch of Shaft Diameter -e STRESS AT BORE (b?-d*) P ?-di?) P 
ACE! 
(- 
RADIAL DISPLACEMENT P a(d?+4,2) p 
| ‘| | | | Wj RADIAL DISPLACEMENT [wee | 2 
18,000 TENSILE STRESS IN HUB YYW) 
FOR STEEL SHAFT AND CAST-IRON HU8 069 


: 17,000 
$16,000 Stress= 


15,000 
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14,000 
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13,000 
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E= 30-10% Lb. per Sq.In. 


= Po/sson’s Ratio=Q27 7 


9,000 Y 
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(2) | f/f Y 
YY UD, 
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& 12,000 
2 
11,000 


WV 


7,000 


6,000 
5,000 
4,000 


Maximum Tensile Stress 


3,000 


2,000 


1,000 
00004 00006 00008 00010 O00I2 0.0014 
Allowance per Inch of Shaft Diameter-e 


Fig. 6 Maximum Srress Hus 
(Cast-iron hub and steel shaft.) 

7 If the shaft is hollow, Figs. 4 and 5 are not exact. However, if 
the inside diameter of the shaft is 25 per cent of its outside diameter, 
the error in the value of p obtained from Fig. 4 will still be only 
between zero when d/D = 1, and 7 per cent when d/D = 0, and the 
error in the value of p obtained from Fig. 5 will be between zero 
when d/D = 1, and 4 per cent when d/D = 0. 


CRUSHING STRESS AT ‘ 
HUB FACE FROM WHICH ——s (3M+2VL) 
SHAFT PROJECTS 


CRUSHING STRESS AT 4 
OTHER HUB FACE wait 


In many structural and machine elements, it is not permissible 
to stress the material beyond the yield point. In press-fit 
assemblies, however, it is no longer unusual to have stresses 
beyond the yield point. According to the maximum-shear 
theory (3), which is applicable for ductile materials such as steel, 
the deformations of the hub will remain elastic until the maximum 
equivalent tensile stress (equal to twice the maximum shearing 
stress’) at the bore of the hub becomes greater than the yield- 
point strength of the hub material in tension. Fig. 5 by Baugher 
shows how the maximum equivalent tensile stress at the hub 
bore increases with the fit and from this figure it is possible to 
determine the maximum fit at which all deformations are still 
elastic. Plastic deformation occurs in the hub before it does 
in the axle unless the axle is hollow with a thin wall thickness. 
In the latter case, the maximum fit at which all deformations 
are still elastic must be calculated from Table 2 which gives 
expressions for the maximum equivalent tensile stress in the 
axle as well as in the hub. When yielding occurs in one or both 
members of a fit joint, the expressions given for calculating 
stresses and press-fit pressure are no longer accurate. The 
discussion of plastic deformation in joints will be continued in 
the section on holding ability. 

When the hub material is brittle, as are certain kinds of cast 
iron, the beginning of yielding cannot be used to find the limiting 
fit for which the equations of Tables 1 and 2 are applicable. 
Instead, the fit at which the hub will fracture becomes important. 


8 The maximum shear stress at any point is equal to one half the 
algebraic difference between the principal stresses at that point. 


pers 


| 
i 
| 
= 
|| | MA 
a 
= 
N 
} 
ly 
or 
nt : 
. 


A-186 


TABLE 3 


DECREASE IN FIT PER INCH OF SHAFT DIAM BETWEEN 
HUB & SHAFT DUE TO CENTRIFUGAL FORCES 
Y, *WEIGHT PER UNIT VOLUME OF HUB MATERIAL 
y "WEIGHT PER UNIT VOLUME OF SHAFT MATERIAL 
g*ACCELERATION DUE TO GRAVITY+384 INCHES PER SEC. PER SEC. 
U*LINEAR VELOCITY AT THE OUTSIDE DIAM OF THE HUB 
FOR OTHER NOTATIONS SEE TABLE 1 


PRESS-FITTED MEMBERS 


HUB & HOLLOW SHAFT ut (¥, ae at at 
OF DIFFERENT MATERIALS rita my Flow } 


HUB & HOLLOW SHAFT 
OF SAME MATERIAL 64g 
CAST IRON HUB & 
HOLLOW STEEL SHAFT- 
E,-E/2, M74 y,-0.92 ¥. 
HUB & SOLID SHAFT 

OF DIFFERENT MATERIALS 
HUB & SOLID SHAFT 

OF SAME MATERIAL 
CAST IRON HUB & 
SOLID STEEL SHAFT 
E,E/2,u,=u ¥,-0.92 ¥. 


DECREASE IN 
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vty Gra) 
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4 @-0,002 
a 
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25000 
a Ab 
20,000 | 
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UNIT PRESSURE ,p BETWEEN HUB & 
> 


4 5 
RATIO OF DIAMETERS, 


EFrect oF INCREASING THE HuB THICKNESS ON THE UNIT 
PressuRE BETWEEN Hus AND SHAFT 

(Curves are calculated according to the equations for unit pressure given 

in Figs. 3 and 4 with: EZ = 30 X 106lb persqin., «1 = Poisson’s ratio = 0.27, 

and e = fit allowance per in. of shaft diam.) 


Fic. 7 


The maximum-stress theory (3) is used to predict the failure of 
brittle materials. Fig. 6 by Baugher shows how the maximum 
tensile stress in a hub, or the tangential stress at the bore, in- 
creases with the fit. When this stress becomes equal to the 
ultimate tensile strength of the hub material, the hub will fracture. 


2 Houpine Asiuitry as AFFECTED BY SERVICE CONDITIONS 


A hub and axle in service will be subjected to other forces in 
addition to those due to the fit allowance and these will now be 
considered. 

(a) Centrifugal Forces. In high-speed machinery the effect 
of centrifugal forces (3) must be considered. The deformations 
due to centrifugal forces cause a decrease in the effective fit. 
This decrease is given in Table 3 and should always be less than 
the assembly fit. When calculating the holding ability for 
transmission of axial forces or torque, according to equations 
given later, the resultant contact pressure, p, must be calculated 
on the basis of the reduced fit.® 


® Centrifugal forces have been discussed as they influence press-fit 
pressure. Discussion of other stresses will be found in the literature 
(3, 5, 6). In general, however, the maximum shearing stress, when 
the centrifugal forces are large enough so that the pressure between 
the hub and axle is zero, will still be at the hub bore and will not be 
more than 21 per cent greater (5 per cent when d/D = 1/3) than the 
maximum shearing stress when there are no centrifugal forces. 
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(b) Axial Holding Ability. The axial force which a press or 
shrink joint can transmit without relative displacement of the 
two parts will be called the axial holding ability, F,, which is 
F, = afpLd lb, where L is the length of the fit, d is the diameter 
of the shaft, p is the unit pressure between the shaft and hub 
(Table 1), and f is the coefficient of friction which depends on 
many factors to be discussed in the second part of this paper. 
Fig. 7 shows that the value of p, and therefore the holding ability, 
can be increased by increasing the wall thickness of the hub. 
However, after the hub thickness is equal to the radius of the 
shaft, only a small increase in p can be obtained by further 
thickening of the hub. 


11,000, 
OUTSIDE DIAM OF HUBFD= 

A INCHES 
10,000, jem, 
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Fie. 8 Curves SHowinc Maximum Pressina Force P.orrep 
AGAINST THE Fir ror DIFFERENT WALL THICKNESSES 
(From tests by Werth with the following conditions: Material, St 50.11 
steel for hub and shaft; nominal shaft diameter, “/e in.; length of hub 
seat, **/a in.; cone angle on end of shaft, a = 10 deg; reamed bores; ground 
shafts; lubricant, machine oil; velocity of assembly, §/« in. per sec.) 
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Fie. 9 Curves SHowinG Force PLotrep AGAINST THE 
Fir ror DirreERENT WALL THICKNESSES 
(From tests by Werth with conditions as in Fig. 8.) 


The variation of the experimentally determined axial holding 
force and assembly force with the press-fit allowance is shown, 
for a particular material,'® in Figs. 8 and 9 by Werth (7). The 

10 St 50.11 steel with a yield point of 51,800 lb per sq in, 
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curves in Fig. 8 show that the assembly force increases up to a 
certain limiting fit.!1 Beyond this limiting value the assembly 
force decreases with the fit through a certain range and then 
becomes greater again for still heavier fits. 

Fig. 9 shows that the holding force increases with the fit up to 
a certain value and then decreases asymptotically to a certain 
value. The difference in shape between the curves for assembly 
and disassembly forces is due principally to the fact that the 
maximum assembly force is plotted rather than the value of 
the assembly force at completion of the fit. The curves for the 
latter force plotted against the fit would be similar to the curves 
for holding force except that the holding-force curves would be 
slightly higher. 

(c) Torsional Holding Ability. The torque which a press or 
shrink joint can transmit without relative displacement of the 
two parts will be called the torsional holding ability and is 


T,= fipLa? in-lb 


where f; is the coefficient of friction for torsion. p may be cal- 
culated from Table 1 as long as the deformations are elastic and 
f; must be determined from test data as given in the second part 
of this paper. 

(d) Holding Ability for Transverse Loading. In most cases 
of press or shrink fits, the shaft projects from the hub and is 
loaded by transverse forces. This loading causes crushing 
stresses (8) in the hub and axle along the fit. These crushing 
stresses depend on the bending moment M and the total trans- 
verse shearing force V at the hub face from which the axle pro- 
jects. Wood (8) gives the derivation of formulas for the crushing 
stresses in crankpin fits. These formulas! are given in Table 2 
in a slightly different form so that they are applicable not only 
for crankpin fits but also for any case of a shaft which projects 
from a hub and is loaded by transverse forces all on the same side 
of the hub. 

In general, the crushing stress (Table 2) should not exceed 
the unit pressure (Table 1) due to the fit allowance if the joint 
is not to loosen. Thus, the ratio, crushing-stress/press-fit 
pressure, is a measure of the ability of a press or shrink joint to 
transmit the bending moment M and the total transverse shear- 
ing force V which act over the cross section of the axle at the 


" According to Fig. 5 yielding should begin at a fit of 0.0017 in. 
per in. of axle diam but Figs. 8 and 9 show that the mounting pres- 
sure and holding force continued to increase up to a fit of 0.003 in. 
per in. axle diam. 

12 The formulas for crushing stress in Table 2 are approximately 
correct only for short hub seats because their derivation is based 
on the assumption that the shaft is absolutely rigid. Actually, the 
shaft deforms inside the hub face and this deformation affects the 
distribution of crushing stresses to an increasing extent as the ratio 
of the length of fit to the diameter of the shaft increases. For ex- 
ample, if the hub length is very long compared to the shaft diameter, 
the crushing stresses will be zero at the hub face from which the 
shaft does not project. The formulas for crushing stresses which 
are given in Table 2, however, are satisfactory for most hub lengths 
used in practice, at least for hub lengths which are not much greater 
than the shaft diameter. A recent article (9) contains experimentally 
obtained curves of the bending stresses in a rectangular shaft inside 
the press fit. Since the second derivative of the bending-moment 
curve gives the crushing force per inch of length, such curves are of 
interest here. 


hub face. Usually the maximum bending stress which will 
exist in a shaft at the hub face is fairly accurately known because 
the fatigue strength of the shaft is known. Then the value of 
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Fic. 10 Curves SHOwING THE RaTIo oF CRUSHING STRESS TO 
BENDING STRESS 

(L = length of fit; d = diam of solid shaft; M = bending moment at hub 

face; V = total transverse shearing force at hub face; m = ratio of crushing 

stress to bending stress at hub face from which shaft projects, for the case 

when M is increasing as the hub face is approached): 
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the crushing stress can usually be calculated from the simple 
formula 


crushing stress 3 (2) 
bending stress 8 


Fig. 10 shows that this formula for the ratio of crushing stress 
to bending stress is sufficiently accurate as long as the shearing 
stress at the hub face is less than '/; of the maximum bending 
stress, ie., M/Vd > 1. 

Part 2 of this article will be published in an early issue of the 
JOURNAL OF APPLIED MECHANICS. 
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Kerbspannungslehre 


KERBSPANNUNGSLEHRE. Grundlagen fiir genaue Spannungsrech- 
nung. By H. Neuber. Julius Springer, Berlin, 1937. Paper, 
61/2 X 91/2 in., 106 diagrams, vii and 106 pp., 15 rm. 


REVIEWED BY J. N. Gooprer! 


HE SUBJECT of this book is the concentration of stress at 

grooves, notches, and cavities, in otherwise smoothly shaped 
and continuous solids of bar form, in tension, bending, torsion, 
and shear. The treatment is entirely mathematical, and with 
the exception of a brief final section, within the confines of the 
mathematical theory of elasticity. The work is not, as the title 
may suggest, a comprehensive treatment of stress concentration, 
but deals only with the important mathematical advances re- 
cently made by the author himself, and for the most part pre- 
viously published in the same form in Ingenieur Archiv and 
Zeitschrift fir angewandte Mathematik und Mechanik. 

The particular problems solved include: The hyperbolic notch 
in a flat bar (plane stress); the circumferential groove in the 
form of a hyperboloid of revolution, and the cavity in the form 
of an ellipsoid of revolution, axis along the bar, in a round bar; 
notches and grooves of other forms, obtained from simple con- 
formal transformations, in stress fields of simple fundamental 
character. In general, the concentration of stress occurs within 
a small region at the bottom of a groove or notch, or near the 
“equator” of a cavity, and is only slightly influenced by the 
presence of the cylindrical boundary. This boundary is disre- 
garded throughout most of the work, the problems being then 
those of the infinite solid. But some solutions are obtained for 
forms of boundary approximating to both the notch and the 
straight boundary, and also for notches and grooves such that 
the slope of the sides is under control. 

Comparison with the mathematical results hitherto available 
for the study of stress concentration will show, in the reviewer’s 
opinion, that Neuber’s contribution is a very substantial one, 
whether regarded as belonging to the mathematical theory of 
elasticity, or to stress analysis aiming at coordination with 
strength data. It has been recognized for many years that stress 
concentration depends in the main on maximum curvature and 
depth of notch or size of cavity. The theoretical relation was 
known hitherto probably for no other cases than those of the 
elliptical hole in plane stress or plane strain, and the grooved bar 
in torsion. Neuber’s work contributes several new relations of 
this type, both two-dimensional and three-dimensional. The 
comparison of these two groups is particularly interesting in view 
of the limitation of photoelastic analysis to plane models. 

The special solutions given are based on a general solution of 
the differential equations of elasticity. This was found by Neuber 
himself. It had been derived previously by Papcovitch (1).? 
But for a step easily taken, it was obtained by Kelvin (2). It is 
expressed in terms of three independent harmonic functions, and 
appears to have the advantage of simplicity over other general 
solutions such as those of Maxwell, and Boussinesq and Galerkin. 
The author shows mathematical resource and ingenuity of a 
high order in selecting harmonic functions suitable for the prob- 


1 Research Fellow in Applied Mechanics, Ontario Research Founda- 
tion. 

2 Numbers in parentheses refer to the Bibliography at the end of 
this review. 


lems in question, and this lends the work mathematical as well 
as engineering interest. The solutions are all in finite form, 
obtained and discussed with admirable directness. Their princi- 
pal features are expressed clearly and completely in diagrams, 
The latter will be of interest to the nonmathematical reader who 
is able to grasp the notation. 

After an introductory explanation of the stress-concentration 
factor and its importance in rational design, the author gives a 
derivation of the equations of the ideal elastic solid, obtains the 
new general solution, and carries out its transformation to or- 
thogonal curvilinear coordinates. The solutions of the special 
problems of curvilinear boundaries already mentioned are then 
developed in full and occupy the major portion of the book. 

The final section, Theorie der Spitzkerben (theory of sharp 
notches and grooves, and sharp cavities), is of a quite different 
character. Its purpose is to effect a reconciliation between the 
ideal solid theory and experimental results for notches of sharp 
curvatures, for which the theory would require enormous stress- 
concentration factors. The author ascribes the discrepancy to 
the granular structure of real materials. The ideal solid theory 
is of course inapplicable to these materials wherever it requires 
appreciable stress variation over distances comparable with the 
individual grains, and this is the state of affairs at a very sharp 
notch. He introduces a length e representative of the linear 
dimensions of the individual grains, and then describes this as 
so small that the stress over it may be regarded as constant. This 
statement does not apply to the ideal solid stress, and is ap- 
parently meant as true of the actual stress. If so, it is surely a 
step into the realm of plasticity, and deserves more than a casual 
sentence. The only use of the length « is this: The ideal solid 
stress is accepted up to the distance e from the bottom of the 
notch; from there to the bottom of the notch the (rapidly in- 
creasing) ideal solid stress is averaged, and the average taken 
as the true maximum value. While this is an empirical procedure, 
not, as the preamble might suggest, representing any physical 
view of the influence of finite grains, it may of course be tried as 
a hypothesis. On passing to comparison with experiment, a fair 
measure of agreement is found when e is chosen as nearly 1 mm. 
The same value is found most appropriate in all cases, including 
photoelastic materials, which must surely be regarded as amor- 
phous, not granular. The theoretical curves, besides involving 
the length ¢, involve an empirical, mathematically simple transi- 
tion from the straightforward ideal solid values for moderate 
curvatures to the values obtained by means of ¢ for the very 
sharp curvatures. In view of these two empirical ingredients 
the agreement is indeed surprising. 

Besides notches, for which measurements by Fischer and Arm- 
bruster are used, a comparison is given of the author’s formula, 
and Hennig’s photoelastic observations, for the circular hole in 8 
strip under tension. It is difficult to see here why there is any 
necessity to introduce «, or any other modification of the ideal 
solid theory, for there is no question of unduly high stress concen- 
tration. It has already been established by Wahl and Beeuwkes 
(3) 1933, also by Frocht (4), that photoelastic observation con- 
firms very satisfactorily the ideal solid theory of Howland, Hen- 
nig’s results being somewhat different. For large holes Hennig’: 
results are seriously in error. 

When the radius of the hole, or in notches the radius of curvs- 
ture, is small, it is likely in photoelastic models to be of the same 
order as the thickness of the plate. The state of stress is then n° 


A-188 


Ye 

j 
: 

F 
a 

4 

4 
| ; 

4 

4 

She 

: 

ea 

Se 


ear 

as 

‘his 

ap- 

lv a 

sual 

olid 
the 
in- 
jure, 
sical 
d as 
fair 
mm. 
ding 
mor- 
[ving 
ansi- 
erate 
very 
lients 


Arm- 
mula, 
e in 
any 
ideal 
ncen- 
iwkes 
1 con- 
Hen- 
nnig’s 


curva: 
> same 
hen no 


JOURNAL OF APPLIED MECHANICS 


longer even approximately two-dimensional, as Vose (5) has 
recently pointed out. This difficulty must become serious in 
making measurements on sharp notches, unless extremely large 
models are used, but no acknowledgment of it is made in the 
book. The reader is left to wonder to what extent such points 
have been dealt with in the researches quoted, and without as- 
surance is likely to resist the author’s conclusion that his final 
formulas are satisfactorily confirmed. In fact, the beam models 
used by Fischer and Armbruster had thicknesses of the order of 
a quarter of the depth, and the methods employed were not, and 
hardly could have been designed to reveal high concentrations of 
stress if they had occurred. It seems therefore legitimate to 
doubt whether there are yet any measurements of stress concen- 
tration of such refinement that they cannot be understood without 
new fundamental hypotheses. But whatever the true quality 
of this final section, the contribution of the major part of the 
book to the theory of elasticity stands as a remarkable and valua- 
ble one. 


1 “Solution Générale des Equations Différentielles Fondamen- 
tales d'Elasticité, Exprimée par Trois Fonctions Harmoniques,’’ by 
P. Papcovitch, Comptes Rendus, de |'Academie des Sciences, p. 513. 
Also: “Expressions Générales des Composantes des Tensions, ne 
Renfermant Comme Fonctions Arbitraires que de Fonctions Har- 
moniques,”’ by P. Papcovitch, Ibid, p. 754. 

2 “History of the Theory of Elasticity and the Strength of Ma- 
terials,’’ by I. Todhunter, Edited by K. Pearson, University Press, 
Cambridge, 1893, vol. 2, part 2, p. 373. 

3 “Stress Concentration Produced by Holes.and Notches,” by 
A. M. Wahl and R. Beeuwkes, Jr., JouRNAL oF APPLIED MECHANICS, 
Trans. A.S.M.E., vol. 56, 1934, p. 617, paper APM-56-11. 

4 ‘Factors of Stress Concentration Photoelastically Determined,” 
by M. M. Frocht, JouRNAL oF AppLIED MEcuHANICcs, Trans. A.S.M.E., 
vol. 57, 1935, p. A-67. 

5 “An Application of the Interferometer Strain Gage in Photo- 
elasticity,” by R. W. Vose, JouRNAL oF AppLiIED MEcuANIcs, Trans. 
A.S.M.E., vol. 57, 1935, p. A-101. 


Steel Structures 


B&RICHTE DEBS DEUTSCHEN AUSSCHUSSES FUR STAHLBAU, AUSGABE 
8, Hert 7: ‘User pas VERHALTEN GESCHWEISSTER TRAGER BEI 
DAUERBEANSPRUCHUNG UNTER BESONDERER BERUCKSICHTIGUNG 
DER SCHWEISSSPANNUNGEN.”’ By Prof. Dr.-Ing. G. Bierett, Ma- 
terials Testing Laboratories, Berlin-Dahlem. Julius Springer, 
Berlin, 1937. Cardboard, 8 X 11!/, in., iv and 21 pp., 31 figs., 
3.60 rm. 

BERICHTE DES DEUTSCHEN AUSSCHUSSES FUR STAHLBAU, AUSGABE B, 
Hert 8: ‘‘VersucHE (UBER DEN EINFLUSS DER GESTALT DER EN- 
DEN VON AUFGESCHWEISSTEN LASCHEN IN ZUGGLIEDERN UND VON 
AUFGESCHWEISSTEN GURTVERSTARKUNGEN AN TRAGERN.”’ By 
Otto Graf, professor in the Technical High School, Stuttgart. 
Julius Springer, Berlin, 1937. Paper, 8 X 11 in., iv and 16 pp., 
56 figs., 3.60 rm. 


REVIEWED By S. TIMOSHENKO? 


[TURING recent years considerable progress has been made 
in Germany in the application of welding in structural 
engineering, especially in new bridge constructions. This prog- 
ress is due to a great extent to extensive research work on weiding 
accomplished by German material-testing laboratories. 

The first of these booklets, dealing with the application of 
welding in plate girders, describes the experiments made at the 
material-testing laboratory in Berlin-Dahlem. The results of 
these experiments are of practical importance and were considered 
by German engineers in preparation of the ‘Provisional Specifica- 
tions for Welded Plate Girders.’”’ All the experiments were 
made with pulsating loads by using the “pulsator machine”’ of 
the system “Losenhausen.” It was clearly shown in this way 
that the welded-plate girders are stronger than the riveted girders 
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of the same size. The critical place is the longitudinal welded 
joint between the web and the flange. The vertical butt joint 
in the web does not represent any weakness since it produces local 
residual compressive stresses in longitudinal direction at the lower 
flange of the girder where the maximum tensile stress due to 
pulsating load occurs. At present the experiments with larger- 
size welded-plate girders are in progress at Berlin-Dahlem in 
which the pulsating load is produced by a vibrator. 

The second booklet describes the experiments made at the 
Polytechnical Institute in Stuttgart. It deals with the testing 
of comparative strength of cover plates of different shapes 
in tensile members submitted to the action of pulsating forces. 
It is shown that the use of plates, the width of which is gradually 
diminishing toward the ends, does not represent any advantage 
as compared with rectangular cover plates. The strength of 
the weld can be substantially improved by hammering and by 
machining the weld to a smooth surface. 

We believe that the research work of the German Committee 
on Steel Structures warrants a careful study by the engineers 
interested in the application of welding in structural engineering, 
especially in bridges. 


Hardness of Metals 


Harpness oF Metats. By F. C. Lea, O.B.E., D.Sc., Dean of the 
faculty of engineering, The University of Sheffield. J.B. Lippincott, 
Co., Philadelphia, 1936. Cloth, 61/4 X 9 in., vi and 141 pp., 85 
illustrations including many graphs and 52 tables, $6. 


REVIEWED By I. H. Cowprey‘* 


As might be expected this book will probably prove to be of 

more immediate value to the English engineer than to those 
on this side of the Atlantic. A large proportion of the tabulations 
and graphs deal with hardness in terms of the Vickers scale. In 
spite of this fact, however, certain principles, basic to the inves- 
tigation of hardness, are well-developed and discussed. From 
these fundamental considerations all interested in hardness and 
its measurement will be able to derive considerable benefit. 

In the section devoted to static methods appears valuable in- 
formation concerning the Brinell, Vickers, Firth, Avery, and 
Rockwell methods of test. The variables which may affect the 
results of such tests are given due consideration. Among these 
variables the effect of time and load factors is well-developed and 
illustrated by results of an extended series of tests. The effect 
of ball diameter in the Brinell system is presented in a table of 
some length in which the results are harmonious with the current 
conception that the observed hardness is independent of the ball 
diameter when the ratio P/D? is maintained a constant. 

During his discussion of the Rockwell method the author has 
presented some interesting and valuable data on the effect of 
lubricating materials adhering to the surface of the test piece. 
This item has been given but little attention by most investi- 
gators and the results recorded in this book are illuminating. 

The discussion of the Herbert pendulum hardness tester is a 
bit disappointing. It must be admitted that the American engi- 
neer is not altogether familiar with this method of testing and it 
might be expected that an English author would shed a little 
more light on the question of work hardening as indicated by the 
Herbert instrument. 

A short section, devoted to hardness testing by dynamic meth- 
ods, may well provoke some thought among research investi- 
gators. In the same category will fall the few pages devoted to 
elastic recovery of indentations. 

The author has presented some valuable data on the relation 
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between hardness and other physical properties. This is par- 
ticularly true of the hardness studies on the effects of cold work 
and the distribution of metallic flow during tensile fracture as 
indicated by variation in resulting hardness. 


Elements of Probability 


ELEMENTS OF PROBABILITY. By H. Levy, M.A., D.Sc., F.R.S.E., 
Professor of Mathematics, Imperial College of Science and Tech- 
nology; and L. Roth, M.A., Assistant Lecturer in Mathematics, 
Imperial College of Science and Technology, Oxford University 
Press, New York, 1936. Cloth, 51/2 X 9 in., x and 200 pp., 25 
figs., $5. 


REVIEWED By J. ORMONDROYD® 


‘THs treatise combines two methods of approach which are 
seldom found together in mathematical works. The con- 
cepts from which the quantitative results are derived are treated 
with extremely rigid formality. But the formal definitions 
necessary to bring the subject within the province of the mind’s 
capacity are at all times related to those realities which gave oc- 
casion for man’s interest in the subject. All mathematical disci- 
plines arose historically to answer questions which aroused the 
curiosity of man or which had to be answered to satisfy his prac- 
tical needs. The recognized combination of human history and 
clear-cut delimitation or definition of the subject matter forms the 
pattern for the entire treatise. The cold, dry, symbolic treat- 
ment which usually drives the engineer from this subject is here 
tempered with the statements of understandable reasons for its 
existence. The authors describe their synthesis in the preface: 
“Writers have approached Probability from very diverse angles 
but little attempt has heen made at any sort of unification. At 
times it is regarded as a branch of symbolic logic, sometimes as a 
series of empirical conclusions based on experimental practice. 
Certain writers see it as a branch of pure mathematics, others as 
a description of a state of mind. To some it is of philosophical, 
to others of scientific, importance. 

The authors have taken the view that Probability is an essen- 
tial of scientific method, and that a probability estimate, however 
it is approached, has to be seen and interpreted as a guide in 
scientific procedure.” 

It is as the guide to scientific (or technical) procedure that the 
treatise should be of interest to engineers. 

5 Professor of Engineering Mechanics, University of Michigan, Ann 
Arbor, Michigan. Mem. A.S.M.E. 
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Chapter 1 gives an historical outline of the development of 
probability which begins with gambling and insurance and moves 
on to the treatment of errors in scientific measurement and to 
social and economic statistics. The second chapter discusses the 
meaning of chance, the definition of probability, and discusses 
the nature of mathematical determinism or the means of predic- 
tion of events under the general ideas of “cause and effect.’’ 
The theory of arrangements, better known to engineers as the 
theory of combinations and permutations, is then outlined since 
this theory is so essential to the quantitative treatment of the 
subject. 

Bernoulli’s theorem is discussed in chapter 5. This theorem 
covers problems of the following type: Given a hand of thirteen 
cards, what is the probability that it will contain four specified 
cards—four aces, for instance? Since the chances turn out to be 
about 1 in 1000, ardent bridge players should experience this 
thrill at least once every year. 

The more practical problem of distributions is discussed in 
chapter 8, which is concerned with the submission of empirical 
data gained by observation to mathematical treatment which may 
lead to valid prediction of subsequent events. Frequency and 
probability curves, standard deviations, error functions are 
treated in conjunction with their meaning with respect to experi- 
ment and prediction. 

Finally in chapter 9 the use of probability in scientific induction 
is outlined. The first two pages of this chapter give a clear, con- 
cise statement of the process by which man gains, forms, or invents 
general laws from a finite number of discrete observations. Truth 
in measurement is not unique but falls within limits, the magni- 
tudes of which are arbitrarily defined to suit our purposes. Within 
these limits the measurements are true or useful; without this 
region they are false. Philosophical broadness here combines 
with scientific accuracy. 

The book is not a handbook of statistical methods. Its scope 
is to outline the fundamental conceptions which underlie the work 
of the statistician, actuary, and experimental scientist or engineer. 
The treatise contains an enormous number of problems, some for- 
mal in nature, others dealing with subjects, the reality of which 
will appeal directly to the engineering mind. 

For those technical men who find mathematical, philosophical 
and historical interests in the kind of work they do, this book will 
be extremely interesting. 
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| James H. Herron 


AMES H. HERRON, nominated for the office of President of The American 
Society of Mechanical Engineers, is president of The James H. Herron Company, 
Cleveland, Ohio. He was born at Girard, Pa., on January 4, 1875. In 1909 he re- 
ceived the degree of B.S. in mechanical engineering from the University of Michigan. 
From 1889 to 1895 he served as an apprentice with the Sterns Manufacturing Com- 
pany, Erie, Pa. From 1895 to 1909 he was engaged in engineering work in the follow- 
ing capacities: Assistant and chief engineer, the Erie City Iron Works, Erie, Pa.; 
assistant engineer, The Cambria Steel Company, Johnstown, Pa.; vice-president 
and chief engineer, The Bury Compressor Company, Erie, Pa.; manager, Motch and 
Merryweather Machinery Company, Detroit, Mich.; and works manager and chief 
engineer, the Detroit Steel Products Company, Detroit, Mich. Since 1909 he has 
been president of the James H. Herron Company, engineers and chemists, of Cleve- 
land, Ohio. In addition he is president of the Paragon Laboratories, director of the 
Baldwin Farms Land Company, and secretary of the National Engineering Inspection 
Association. 


Mr. Herron is the inventor of the air-compressor inlet-valve unloader and of numer- 
ous devices for use with air compressors and metallurgical furnaces. He is the author 
of articles on metallurgical subjects published in technical periodicals, and was an aig 
‘ associate editor of Hool and Johnson’s, “Handbook of Building Construction” and 45 
Hool and Kinne’s, “‘Structural Engineers’ Handbook Library.” 

As a member of The American Society of Mechanical Engineers, he served on the 

Committee on Local Sections from 1917 to 1922, and was a member of the Council 
from 1922 to 1925. During all of that time, and since, he has been active in the work 
of the Cleveland Section. He is a representative of the Society on the Bureau of 
Registration of the National Council of State Boards of Engineering Examiners, and 
a member of the American Society of Civil Engineers, the American Institute of 
Mining and Metallurgical Engineers, the American Institute of Electrical Engineers, 
the American Chemical Society, the American Society for Testing Materials, the 
British Iron and Steel Institute, the Society of Automotive Engineers, the American 
Concrete Institute, the Cleveland Engineering Society, of which he was president, 
1917-1918, and a fellow of the American Association for the Advancement of Science. 
His civic services have included the presidency of the Cleveland Heights Board of 
Education as well as directorship in the engineering division of the Cleveland War 
Industries Board and the Municipal Research Bureau of Cleveland. He is a member 
4 of the Committee on Professional Conduct of the A.S.M.E., chairman of its Commit- 
tee on Registration, and chairman of the Advisory Board on Professional Status. 
In 1934 he was elected vice-president of the Society. 
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and Professional Divisions Committees 


SENIOR COUNCILLORS 
i (Numbers indicate Local Section Groups) 


I—Harry R. Westcorr 
A. SHovupy M. BriaMAn 
L. Sackett VI—ALex D. BatLey 

VII—Joun A. HUNTER 


IV—JAMES M. Topp 


* Appointed for one year to fill term of James A. Hall. 
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ASSISTANT SECRETARIES 


ERNEST HARTFORD C. B. LePage 


EDITOR 


G. A. STETSON 


Standing Committees 
FINANCE 


W. T. ConLon. Chairman and Representative on Council (1938) 
K. M. Irwin, Vice-Chairman (1939) J. J. Swan (1940) 
K. W. Jappe (1937) J. L. Kopr (1941) 
W. A. SHoupy (1937) 


Council Representatives W. L. Barr (1938) 


MEETINGS AND PROGRAM 


H. N. Davis, Chairman and Representative on Council (1937) 
CLARKE FREEMAN (1938) C. G. Stott (1940) 
R. F. Gage (1939) W. J. WoHLENBERG (1941) 


Junior Advisor: W.W. LAWRENCE (1937) - 


PUBLICATIONS 


W. F. Ryan, Chairman and Representative on Council 
M. H. Rorerts (1938) C. B. Peck (1940) 
G. F. BATEMAN (1939) CoLEMAN SELLERS, 3d (1941) 


W. L. DUDLEY L. S. Marks 
> J 
Advisory Members (1937) | A. N. Gopparb J. M. Topp 


(L. N. Row ey, Jr 
L. F. Zsurra 


(1937) 


Junior Advisors (1937) 4 


Personnel of Special Committee. p. R1-5 


ADMISSIONS 


R. H. McLain, Chairman and Representative on Council (1937) 
L. R. Forp (1938) NorMAN LITCHFIELD (1940) 
F. C. Spencer (1939) H. E. Moré (1941) 


Advisory Member: H. A. LagpNer (1937) 


PROFESSIONAL DIVISIONS 


Crospy FIeLp, Chairman and Representative on Council (1938) 
G. B. Pearam (1937) H. B. Reynotps (1940) 
L. K. (1939) Victor WicHum (1941) 


(Personnel of Professional Divisions’ Executive 
Committees, p. RI-5) 


LOCAL SECTIONS 


W. R. Woorricu, Chairman and Representative on Council (1938) 
J. N. Lanpis (1937) A. J. Kerr (1940) 
D. B. Prentice (1939) H. L. Eaereston (1941) 


(Personnel of Local Sections’ Executive Committees. p. RI-10) 


CONSTITUTION AND BY-LAWS 
H. H. SNevtuine, Chairman and Representative on Council (1937) 
W. H. Kavanavueu (1938) G. E. Huse (1940) 
R. D. Brizzorara (1939) S. R. Berruer (1941) 
Junior Advisor: H. 8S. Eppy (1937) 


HONORS AND AWARDS 


R. C. H. Heck, Chairman and Representative on Council (1937) 
L. P. AtForp (1938) W. H. Carrier (1940) 
Harte Cooke (1939) J. W. Rog (1941) 


Junior Advisor: C. F. Pray (1937) 
(Personnel of Special Committee. p. RI-5) 
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RI-2 AS.M.E. 


EDUCATION AND TRAINING FOR THE INDUSTRIES 


C. J. Freunp, Chairman and Representative on Council (1937) 
JOHN YOUNGER (1938) WARNER SEELY (1940) 
J. A. RANDALL (1939) J. H. PLroewn (1941) 


RELATIONS WITH COLLEGES 


R. V. Wricut, Chairman and Representative on Council (1937) 
W. A. HANLEY (1938) H. O. Crorr (1940) 
F. V. Larkin (1939) E. W. O’Brien (1941) 


W. J. Cope \ 
R. L. Dau@Herty }Advisory Members (1937) 
R. H. G. Epmonps | 


Junior Advisor: H. B. FerNnatp, Jr. (1937) 


(Student Branches and Officers, p. RI-8) 


LIBRARY 


. K. Srticox, Chairman and Representative on Council (1937) 
S. Kertns (1938) A. R. Mumrorp (1940) 
The Secretary, C. E. Davirs, ficio 


RESEARCH 


Organized in 1909 to supervise all research activities of the Society, 
to cooperate with similar committees of kindred societies, to 
encourage research, and to disseminate knowledge of re- 
searches conducted in the United States and 
in other countries 


N. E. Funk, Chairman and Representative on Council (1939) 
J. E. Gieason (1937) L. W. WaALLAcE (1940) 
H. A. Jonnson (1938) E. G. Battey (1941) 


(Personnel of Special Committees, p. RI-17) 


STANDARDIZATION 


Organized in April, 1911, to supervise all standardization activities 
of the Society and to advise concerning the Society’s partici- 
pation in the activities of the American Standards 
Association 


WaLTeR SaMANS, Chairman and Representative on Council (1938) 
J. E. Lovety (1937) W. C. MvELLER (1940) 
O. A. LEUTWILER (1939) A. L. Baker (1941) 


(Personnel of Special Committees, p. RI-19) 


POWER TEST CODES 


Organized December, 1918, to revise and extend the Power Test 
Codes of the Society. These codes had been formulated by 
various technical committees appointed to develop 
particular codes. This work began in 1886. 


R. H. Fernatp, Chairman and Representative on Council (1940) 


Francis HopeKINnson, Vice-Chairman 
W. G. RotruscHip, Junior Observer (1937) 


Term expires 1937 
Harte Cooke 


Term erpires 1938 
Hans DAHLSTRAND 


E. R. FisH Louis ELLiorr 
O. P. Hoop G. A. Horne 
H. B. Oatley H. B. ReyNnoips 


W. J. WoHLENBERG E. N. Trump 


Term expires 1939 


C. H. Berry 
D. 8S. Jacosvus 


Term expires 1940 


A. T. Brown 
R. H. FERNALD 


FRANCIS HopGKINSON C. F. HirsHretp 

L. F. Moopy R. J. 8. Picorr 

E. B. RIcKEetts M. C. Stuart 
Term erpires 1941 

A. G. CHRISTIE G. A. OrroK 

PavcL DISERENS L. A. QUAYLE 


W. M. Waite 
(Personnel of Technical Committees, p. RI-26) 
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SAFETY 


Appointed in October, 1921, to extend the knowledge of accident 
prevention, to promote cooperation in this field, and to supervise 
all safety code activities of the Society with the exception of 
those of the Boiler Code group of committees 


H. H. Jupson, Chairman and Representative on Couneil (1937 


H. L. Mrner (1938) 
J. B. CHALMERS (1939) 


D. L. Rover (1940) 
T. F. (1941 


(Personnel of Special Committees, p. R1I-27) 


PROFESSIONAL CONDUCT 


E. R. Fisu, Chairman and Representative on Council 


E. F. Scorr (1938) 
Hugo Diemer (1939) 


(1937 
B. F. Woop (1940) 
E. H. TENNEY (1941 


Special Technical Committees 
BOILER CODE 


D. S. Jaconus, Chairman 

E. R. Fisu, Vice-Chairman 

C. W. Osert, Honorary 
Secretary 

M. Jurist, Acting Secretary 

C. A. ADAMS 

H. Avpricu 

H. C. BoarpMAN 

W. H. 

R. E. 

F. S. Clark 

A. J. 

V. M. Frost 


C. E. Gorton 

A. M. GREENE, Js 
F. B. Howey 

W. G. Humpton 
J. O, Leecu 

I. E. Movutrtrop 
C. O. MyYErs 

H. B. 
JAMES PARTINGTOS 
WaLTerR SAMANS 
S. K. VARNES 

A. C. WEIGEL 

H. LeRoy W urrnry 


Honorary Members 


F. W. DEAN 
W. F. Duranp 
T. E. DurBan 


C. L. Hvstos 
W. F. Kresn 
M. F. 


H. H. VavucHan 


Conference Committee to the Boiler Code Committee 


T. R. Arcner, Delaware 

L. M. Barringer, Seattle, Wash. 

A. J. BEAUREGARD, Rhode Island 

Wo. Betz, Jr., Philadelphia, Pa. 

J. G. Bottock, St. Joseph, Mo. 

B. M. Book, Pennsylvania 

J.C. Bryan, St. Louis, Mo. 

T. C. CANNON, Tulsa, Okla. 

L. M. Cave, Maryland 

A. L. Dantets, Parkersburg, 
W. Va. 

James Dononve, Indiana 

M. A. Ep@ar, Wisconsin 

C. W. Foster, Omaha, Nebraska 

W. H. Furman, New York 

F. D. Garrin, Houston, Tex. 

GERALD GEARON, Chicago, III. 

E. M. GoopMan, Evanston, Il. 

C. H. Gram, Oregon 

P. M. Greentaw, District of 
Columbia 

B. GretzKe, Washington 


F. A. Memphis, 
Tenn. 
EXECUTIVE 
D. S. Jacosus, Chairman 
H. E. Avpricu 
W. H. Borum 
E. R. Fisu 


G. A. Luck, Massachusetts 

J. M. Lyncn, Erie, Pa. 

C. E. McGinnis, Los Angele 
Calif. 

H. H. Detroit, Mich 

A. C. MrrcHett, Scranton, Pi 

C. O. Myers, Ohio 

J. D. Newooms, Jr., Arkansas 

W. L. Newton, Oklahoma 

DANTEL O’CoNNor, Michigan 

F. A. Paar, California 

L. C. Peat, Nashville, Tenn 

J.J. Ryan, Kansas City, Mo 

». K. Sawyer, Maine 

A. H. ScHLteMAN, Tampa. 
Florida 

J. F. Scott, New Jersey 

W. E. Snuptna, Jr., N. Carolim 

C. I. Smitrn, Utah 

Wm. E. Hawaiian 
Islands 

Wricox, Minnesota 


CoM MITTEE 


V. M. Frost 
C. E. Gorton 
C. W. Opert 
JAMES PARTING™’ 


SUBCOMMITTEE ON BOILERS OF LOCOMOTIVES 


JAMES PARTINGTON, Chairman 
F. H. Crark 


J. M. Hau 


H. B. Oat 


an 


4 L. 
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} SUBCOMMITTEE ON CARE OF STEAM BOILERS AND OTHER 
ident PRESSURE VESSELS IN SERVICE 
M. Gmson, Chairman S. T. 
| V.M. Frosr C. W. Rice 
J. R. Gru H. F. Scorr 
1937) ( J. A. HUNTER NIcHOLAS STAHL 
1940) |) J. Kerr F. G. Straus 
1941 
SUBCOMMITTEE ON FERROUS MATERIALS 
H. LeRoy Wuitney, Chairman E. F. Kenney 
(1937 A. J. Evy, Vice-Chairman H. J. Kerr 
040) H. J. FreNcH A. B. KINZEL 
‘iggy A. W. GILLerte L. A. SHELDON 
W.G. HumptTon A. E. Wuite 
J.J. KANTER E. C. Wricutr 
SUBCOMMITTEE ON HEATING BoILers 
F. B. Howe, Chairman C. E. Gorton 
BS, W. H. Borum F. W. 
am C. E. Bronson W. E. Stark 
TON J. A. Darts J. W. TURNER 
PROP 
SUBCOMMITTEE ON MATERIAL SPECIFICATIONS 
MANS ‘ Members of A.S.M.E. Boiler Code Committee 
. 
P.R. Cassipy, Chairman J. O. Lercu 
A. M. Greene, Jr. P. J. Samara 
HITNEY 
Members of Conference Committee of American Society for 
| Testing Materials 
TESEL 
pe C. L. Warwick, Chairman E. J. Epwarps 
Moms C. F. W. Rys 
nittee “9 Members of, Conference Committee of Association of American 
bts Sieel Manufacturers, Technical Committees 
: J. 0. Leecu, Chairman E. F. Kenney 
Angele @ A. D. Peace 
Mich, 
iton, Ps 
SUBCOMMITTEE ON MINIATURE BOILERS 
ma C. E. Gorton, Chairman W. H. Furman 
higas JAMES Partineton, Vice-Chair- G. A. Luck 
> man C. O. Myers 
Tenn E.R. C. W. OBERT 
Mo 
npa, SUBCOMMITTEE ON NoN-Ferrous MATERIALS 
4H. B. Oattey, Chairman F. P. Huston 
Carolia BI. J. AULL H. C. JENNISON 
D. K. CRAMPTON E. F. 
jian A. M. Houser JosePH Price 
-sota 
SUBCOMMITTEE ON RULES FOR INSPECTION 
A. Chairman WILLIAM FERGUSON 
5S. H. Barnum C. E. Gorton 
E. Connetty F. W. HERENDEEN 
OST JAMES PARTINGTON 
TON 
ARTING™ 


SUBCOMMITTEE ON Design 


B. Wesstrom, Chairman 
L. Bower 
{. Hal E. 
B. OAT! GSH. E. RocKEFELLER 


D. B. RossHEIM 
W. H. Rowanp 
E. O. WATERS 

F. 8. G. WILLIAMs 
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SUBCOMMITTEE ON UNFIRED PRESSURE VESSELS 


R. E. Ceci 

DISERENS 
A. W. Limont, JR. 
H. 8S. SmitH 


E. R. Fisu, Chairman 
C. A. ADAMS 
W. H. Borum 
C. E. Bronson 
D. B. WeEssTROM 


SUBCOMMITTEE ON WELDING 


Members of A.S.M.E. Boiler Code Committee oie 


JAMES PARTINGTON, Chairman 
C. A. ADAMS 
A. M. Canby 
R. E. Crecm 


J. H. DEPPELER 
E. R. 
R. K. Hopkins 

T. McLean JASPER oe 
L. A. SHELDON 


Members of Conference Committee of American Welding Society 


A. Kipp 
H. E. RocKEFELLER 

J. W. Owens 

L. H. 


C. W. Osert, Chairman 
J. J. Crowe 

E. H. Ewertz 

F. C. FyKe 


SPECIAL COMMITTEE ON RULES FOR BOLTED FLANGED CONNECTIONS 


D. B. Wesstrom. Chairman 


SpecIAL COMMITTEE ON RULES FOR OPENINGS 


T. D. Chairman 


SpecrAL COMMITTEE ON RADIOGRAPHIC EXAMINATION OF 
WELDED JOINTS 


C. A. Apams, Chairman 


SpecraAL COMMITTEE ON ALLOYED AND Higu TENSILE STEELS FOR 
WELDED PRESSURE VESSELS 


C. A. Apams, Chairman 


SpectaL CoMMITTEE TO Revise Section VIII or tHe A.S.M.E. 
Borter Cope 


E. R. Fisu, Chairman 


SpecIAL COMMITTEE ON RULES FOR CONTAINERS FOR GASES AND 
Liquips at SuBzERO TEMPERATURES 


H. LeRoy Wurrney, Chairman 


SpecraL COMMITTEE ON CLAD VESSELS 


S. K. Varnes, Chairman 


SpecrAL COMMITTEE ON THE EXTENSION or UsE oF FusION WELDING 
REQUIREMENTS 


H. E. Atpricnu, Chairman 


API-ASME COMMITTEE ON UNFIRED PRESSURE VESSELS 


A.S.M.E. Representatives 


R. E. 
E. R. 


D. S. Jacosus 
T. McLeEAN JASPER 
JAMES PARTINGTON 


Representatives 


WALTER SAMANS, Chairman K. V. Kine 


A. J. (P. D. Alternate) 
R. C. T. D. Tirrr 


~ 
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Special Administrative Committee 


REGULAR NOMINATING COMMITTEE FOR 1937 
GROUP 
I Cwaries M. ALLEN, Worcester. Mass., Chairman 
T. H. Bearp, Bridgeport, Conn., Alternate 
II F. M. Gisson, Brooklyn, N. Y., Secretary 
E. G. Battery, New York, N. Y., 1st Alternate 
W. E. CaLpweE.i, New York, N. Y., 2nd Alternate 


A. L. DeLrrevw, Plainfield, N. J. 
M. Patmer, Rochester, N. Y., Alternate 
IV B. E. Snort, Austin, Texas 


J. W. ESHELMAN, Birmingham, Ala.. Alternate 
VL. E. Jermy, Cleveland, Ohio 

G. A. Youne, Lafayette, Ind., 1st Alternate 

K. F. Trescnow, Pittsburgh, Pa., 2nd Alternate 


A. Lueps, Lincoln, Neb. 

C. F. Moutton, Omaha, Neb., 1st Alternate 

W. L. DeBaurre, Lincoln, Neb., 2nd Alternate 
VII ‘J.C. Ornvus, Corvallis, Ore. 


L. Hestop, Portland, Ore., 1st Alternate 
FRANKLIN L. Davis, Portland, Ore., 2nd Alternate 


LOCAL SECTIONS IN NOMINATING COMMITTEE GROUPS 


GROUP T 
Boston New Haven 
BRIDGEPORT Norwicu 
GREEN MOUNTAIN PROVIDENCE 
HARTFORD WATERBURY 
MERIDEN WESTERN MASSACHUSETTS 
New Brirarn WORCESTER 
GROUP II 


METROPOLITAN (N. Y.) AND ForREIGN MEMBERS 


GROUP IIT 
ANTHRACITE-LEHIGH VALLEY ROCHESTER 
BALTIMORE SCHENECTADY 
CENTRAL PENNSYLVANIA SUSQUEHANNA 
ITHACA SyRACUSE 
PHILADELPHIA UTICA 
PLAINFIELD WASHINGTON, D. C. 
GROUP IV 
ATLANTA MEMPHIS 
BIRMINGHAM NEW ORLEANS 
CHARLOTTE NortH Texas 
CHATTANOOGA RALEIGH 
FLoRIDA SAVANNAH 
GREENVILLE SoutH 
KNOXVILLE VIRGINIA 
GROUP V 
AKRON-CANTON ERIE 
BUFFALO LOUISVILLE 
CENTRAL INDIANA ONTARIO 
CINCINNATI PENINSULA 
CLEVELAND PITTSBURGH 
CoLuMBUS TOLEDO 
DAYTON WEST VIRGINIA 
DETROIT YOUNGSTOWN 
GROUP VI 
CHICAGO NEBRASKA 
Kansas Rock River VALLEY 
Mip-ConTINENT St. JosepH VALLEY 
MILWAUKEE St. Louis 
MINNESOTA TrI-CITIEs 
GROUP VII 
CoLoRADO SAN FRANCISCO 


UTAH 
WESTERN WASHINGTON 


INLAND EMPIRE 
Los ANGELES 
OREGON 
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Special Council Committees 


ADVISORY BOARD ON PROFESSIONAL STATUS 


H. R. Westcorr, Chairman 

C. F. Hirsurevp, Engineers’ Council for Professional Development 
R. H. McLarn, Admissions 

V. M. Patmer, Registration 

B. F. Woop, Professional Conduct 


ADVISORY BOARD ON STANDARDS AND CODES 


D. BatLey, Chairman 

V. M. Frost, Boiler Code 

W. M. Grarr, Safety 

HopGKINson, Power Test Codes 
O. A. LEUTWILER, Standardization 


ADVISORY BOARD ON TECHNOLOGY 


ALFRED IppLES, Chairman 

G. F. BateMAN, Publications 

H. N. Davis, Meetings and Program 
Crossy Protessional Divisions 
L. W. WALLACE, Research 


AIMS AND OBJECTIVES 


ALFRED IppLes, Chairman L. E. Jermy 
F. E. Carpu.io R. G. Macy 
W. L. W. O’Brien 
E. E. Howarp x. B. Perera 


ELGIN SToppARD 


Ex-O fiicio 


A. D. Battery, Board on Standards and Codes 

W. D. Ennis, Finance 

J. P. HARBESON, JR., 
Meeting 

ALFRED IppLES, Board on Technology 

H. R. Westcott, Board on Professional Status 


Speaker, Delegates Conference, Annua 


BOARD OF REVIEW 
J. P. Nerr, Chairman 


(DELINQUENT MEMBERS) 
C. P. Buiss 


TRUSTEES FOR CERTIFICATES OF INDEBTEDNESS 


W. D. ENNIS Errk OBERG 


CITIZENSHIP (MANUAL ON) 


W. H. WInrTERROWD 
R. V. Wricut 


A. R. CuLLimore, Chairman 


LILLIAN M. GILBRETH J. W. Ror 


DEVELOPMENT 


D. S. Chairman 
E. G. BAILEY W. S. FIntay, JR. 


G. A. OrROK 


ECONOMIC STATUS OF THE ENGINEER 


W. E. WICKENDEN 

Chairmen of Com- 
mittees on Local 
Sections and Rela- 
tions with Colleges 


HIRSHFELD, Chairman 
KIMBALL 

LAUER 

B. OATLeY 

L. WHITTEMORE 


C.F. 
D. 8. 
ficio 
H. 
FREEMAN SCHOLARSHIP 


CHartes T. MAIN, Chairman 
E. C. HurcHrnson 


CLARKE 


MANUAL OF PRACTICE 


B. F. Woop, Chairman J. M. Topp 
ALFRED IDDLES M. X. WILBERDING 
WYNN MEREDITH E. R. Fisn, fier 


THEODORE BAUMEISTER, JR., Acting Secretary 
Junior Advisor, PH1ILTP WERNER 


R. V. Wrigut 


C. G. 


S. D. Sprone ) 
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MECHANICAL CATALOG 
R. E, 


W. T. ConLon 


Cx 
Je 


| 

Wie 

; 


ment 


RMY 
Brien 
GRAM 


Annua 


SPRONG 


ESS 


V RIGHT 


ERROWD 


r-O fficio 


REEMA) 


{ 


THAYS | 


AS.M.E. SOCIETY RECORDS, PART 1 


NATIONAL DEFENSE 


H. I. Cone, Chairman T. A. Morgan 
H. E. Corri1n J. L. WALSH 
Ww. C. DICKERMAN C. T. Harris (War Dept. Rep.) 
A. M. R. ALLEN (Navy Dept. Rep.) 
REGISTRATION 
J. RowLanp Brown, Chairman J. A. McPHERSON 
B. M. BrIqgMAN V. M. PALMER 
J. A. HUNTER R. J. Reep 
W. K. Simpson 
CALVIN W. RICE MEMORIAL 
H. N. Davis, Chairman C. N. LAUER 
J. D. CUNNINGHAM E. W. O’Brien 
W. F. DurAND J. PARKER 
C. E. FULLER R. L. Sackett 
SPIRIT OF ST. LOUIS MEDAL BOARD OF AWARD 


(Dates in parentheses denote erpiration of terms) 
V. J. AzBe, Chairman (1943) W. B. Mayo (1937) 


J. H. Doorrrrie, Secretary (1940) OrVILLE Wricur (1940) 
H. I. Cone (1937) C. B. Mitirkan (1943) 
GEORGE WESTINGHOUSE BUST 
AmBROSE Swasey, Honorary Chairman K. T. Compton 
D. S. KIMBALL, Chairman S. W. DupbLey 
L. B. STILLWELL, Vice-Chairman C. N. LAUER 
C. E. Davies, Secretary L. A. OSBORNE 
C. F. Soorr 


Special Publications Committee 


BIOGRAPHY ADVISORY COMMITTEE 
R. V. Wrieut, Chairman G. A. OrrokK 
L. P. ALForD J. W. Roe 
R. E. FLANDERS W. H. WINTERROWD 


Special Committee of the Board 
on Honors and Awards 


COMMITTEE ON MEDALS 
Terms expire 1987 


R. C. H. Heck, Chairman 
A. M. GREENE, JR. 
J. W. Parker 


Terms expire 1939 
C. L. Bauscu 
Harte CooKE 

R. H. FERNALD 


R. V. Wricut F. M. Gunsy 
Terms expire 1938 Terms expire 1940 
L. P. ALForp W. H. Carrier 
J. L. Harrineton E. R. Fisu 

D. C. Jackson H. C. Meyer, JR. 


SIBLEY L. W. WALLACE 


Terms expire 1941 
H. A. S. Howartu 


Gro. A. OrroK 
J. W. Rog 
Professional Divisions 
(Personnel of Standing Committee, page RI-1) 
Aeronautic Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


Avexanver KLeMIN, Chairman R. M. Mock 
Cuas. H. DoLan, 1st Vice-Chairman R. V. Morse 
) JEkoME LEDERER, Secretary B. M. Woops 
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GENERAL COMMITTEE 
E. A. Sperry, Chairman 
(To be appointed) 

COMMITTEE ON INDUSTRIAL AERODYNAMICS 
ALEXANDER KLEMIN, Secretary W. G. Grove 
OLIVER ALLEN O. E. Hovey 
W. H. Carrier A. L. KIMBALL 
H. E. Davison R. J. 8S. Pieort 
H. P. Frear L. K. Srmuicox 


REPRESENTATIVES ON OTHER ACTIVITIES 


Aircraft Safety and Inspection, JEROME LEDERER 
Marking of Obstructions to Air Navigation, J. E. WHrrseck 
Spirit of St: Louis Medal Board of Award, V. J. AZBE 
Daniel Guggenheim Medal Fund, E. E. ALpRIN 


Applied Mechanics Division 


Organized, 1927 


EXECUTIVE COMMITTEE 


J. P. Den Harroe 
R. EKSERGIAN 


C. R. Soperserc, Chairman 
J. C. HunsAKEr, Secretary 
B. M. Woops 


Associates 


A. L. KIMBALL G. B. Peeram 


E. O. WatTeRS 


JOURNAL OF APPLIED MECHANICS 
EXECUTIVE COMMITTEE 


J. M. Lessetts, Technical Editor 


J. P. Den Hartoe E. O. WaTERS 


SUBCOMMITTEE CHAIRMEN 


Applied Physics (A.I.P.), G. B. PEgram 
Elasticity, STEPHEN TIMOSHENKO 
Fluid Mechanics, L. Drypen 
Hydromechanics, THEODOR vON KArRMAN 
Institute of Aeronautical Sciences, J. P. DEN Harroe 
Materials, R. E. Peterson 
Plasticity, A. NADAI 
Thermodynamics, J. A. Gorr 
Vibration, F. M. Lewis 


Fuels Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


Chairman W. G. CuHristy 

A. R. } —€ Secretary H. O. Crorr 

L. C. Boster M. D. ENGLE 
Associates 

A. D. BLAKE R. A. SHERMAN 


K. M. Irwin A. C. STERN 


F. M. Van DEVENTER 


SUBCOMMITTEE ON PROGRAMS, MEETINGS, AND AIMS 


W. G. Curisty, Chairman 


COMMITTEE ON SAMPLING PULVERIZED FUEL IN A 
MOVING GAS STREAM 


(Research Committee; see page RI-18) 


K. M. Irwin, Chairman and Representative of Fuels Division 
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COMMITTEE ON REMOVAL OF ASH AS MOLTEN SLAG 
FROM POWDERED-COAL FURNACES 


(Research Committee; see page RI-18) 


K. M. Irwin, Chairman and Representative of Fuels Division 


SUBCOMMITTEE ON SMOKE ABATEMENT LAW 


ORGANIZING COMMITTEE 


W. G. CurIstTy K. M. Irwin 


Graphic Arts Division 


Formerly Printing Industries Division. Organized, 1922 


EXECUTIVE COMMITTEE 


B. D. Stevens, Chairman A. E. GIkGENGACK 
T. E. Darton, Secretary R. G. MacDonatp 


Epwarp HapAarR ORTMAN 


Associates 
G. H. CARTER W. C. HvEBNER 
W. C. Grass W. S. Huson 
W. F. Harvey W. R. MAUL 


J. C. OSWALD 


The Division sponsors the Conference of the Technical Ex- 
perts in the Printing Industry, a forum for the discussion of the 
mechanical and process problems of the entire graphic arts field; 
also the Graphic Arts Research Bureau, formed to act as a clear- 
ing-house for graphic arts research and for the collection, cor- 
relation, and distribution of research information pertaining to 
the industry and for the sponsorship of research work. 


Hydraulic Division 


Organized, 1926 


EXECUTIVE COMMITTEE 


S. Logan Kerr, Chairman 
F. G. Swirzer, Secretary 
PAUL DISERENS 


C. F. Merriam 
Forrest NAGLER 
M. P. O’Brien 


COMMITTEE ON WATER HAMMER 


Honorary Member, LorRENzo ALLIEvI, Rome, Italy 
S. Logan Kerr, Sponsor and Chairman 


N. R. GIBson L. F. Moopy 
E. B. StrowGer R. S. Quick 
Evcene Hatmos (A.8.C.E.) 


Associate Members 


American Water Works Association represented by FRANK M. 
DAWSON and THomas H. WIGGIN 

Engineering Institute of Canada represented by R. W. ANaus 
and F. M. Woop 

Louis BERGERON, France 

A. W. K. Brazil 

CHARLES CAMICHEL, France 

GaAvUDENZIO FANTOLI, Italy 

A. H. Gipson, Great Britain 

Georce Higeins, Australia 

CHARLES JAEGER, Switzerland 

F. Knapp, Brazil 

R. Loewy, Austria 

ALBINO PASINI, Italy 

O. Scunyper, Switzerland 

D. THoma, Germany and V. D. I. 


Committee on Cavitation, C. F. Merriam, Sponsor 
(Chairman to be appointed) 

Committee on General Hydraulics, M. P. O’Brien, Sponsor 
(Chairman to be appointed) 

Committee on Hydraulic Prime Movers, Forrest NaAGter, Sponsor 
(Chairman to be appointed) 

Committee on Pumping Machinery, Paut DIserEns, Sponsor 
(Chairman to be appointed) 
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Tron and Steel Division 
Organized, 1927 


EXECUTIVE COMMITTEE 


S. M. WecksTEIN, Chairman 
Morris Stone, Secretary 


S. M. MARSHALL 
McKee 


J. A. CLauss T. H. WICKENDEN 
Associates 

A. J. BoYNTON G. T. SNyYpER 
J. H. Hrrcencock W. TrRINKS 

J. H. RoMANN W. R. WeEsster 

Machine Shop Practice Division 
Organized, 1921 
EXECUTIVE COMMITTEE 

G. F. NorpeENHOLT, Chairman A. N. Gopparp 
J. R. Weaver, Secretary A. M. JoHNson 


B. G. TANG 


FOUNDRY PRACTICE 
R. E. Kennepy, Secretary 


SUBCOMMITTEE ON 
JAMES THOMSON, Chairman 


SUBCOMMITTEE ON MACHINE DESIGN 
E. S. Chairman 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 
W. F. Parisu, Chairman G. B. Kare 
C. H. BroMLey C. M. Larson 

H. J. Masson 
SUBCOMMITTEE ON CUTTING METALS 
(Research Committee; see page RI-17) 
COLEMAN SELLERS, 3RD, Chairman and Representative of Machine 
Shop Practice Division 
SUBCOMMITTEE ON WELDING 
C. W. Osert, Chairman 


Management Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


L. C. Morrow, Chairman 
L. N. Row.ey, Jr., Secretary 
W. H. KusuHnick, Vice-Chairman 


J. A. JAcops 
G. W. KELSEY 


Associates 
C. W. LYTLE F. E. Raymonp 
J. A. PIACITELLI J. R. SHEA 


GENERAL ADVISORY BOARD 


W. L. Barr LEE GALLOWAY 
F. B. J. W. 
E. P. BuLLArD G. N. Jeppson 
C. I. Day W. G. KRaAnz 
NorMAN ELsas G. H. 
E. W. FarLey A. W. Morton 
E. V. Frencu J. F. Porrer 
W. D. FuLier J. C. Wiison 


FUNCTIONAL ADVISORY BOARD 
(To be appointed) 


LOCAL SECTION REPRESENTATIVES 


Chicago, ADOLPH LANGSNER 
Detroit, W. W. NicHoLs 
New York, A. F. Ernst 
Pittsburgh, J. Roy TANNER 
Providence, J. G. ALDRICH 
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Materials Handling Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


R. B. RENNER, Chairman 
F. J. SHEPARD, JR., Secretary 
G. E. HAGEMANN, Vice-Chairman 


NIxon ELMER 
J. A. JACKSON 
F. E. Moore 


Associates 


F. D. CAMPBELL E. D. SMITH 
R. H. McLain J. B. Wess 


Oil and Gas Power Division 


Organized, 1921 


EXECUTIVE COMMITTEE 


Ernest Nipss, Chairman Epear J. Kates 
M. J. Reep, Secretary L. H. Morrison 
F. G. HECHLER LEE SCHNEITTER 


Associates 


CarL BEHN 
Harte CooKE 
L. R. Forp 


L. M. GoLpsMITH 
H. C. Masor 
RALPH MILLER 


SUBCOMMITTEE ON OIL ENGINE POWER COST 
REPORT FOR 1936 


A. B. Morgan 

H. A. Person 

Lee SCHNEITTER 

P. H. ScHWEITZER 
H. C. THvuerK 

C. A. TRIMMER 
PATRICK SCHLESINGER 


H. C. Masor, Chairman 
M. J. Reep, Secretary 
HERBERT BAXLEY 

HALe CoppiINneG 

L. R. Forp 

E. J. Kates 

H. C. LENFEST 


Petroleum Division 


Organized, 1925 


EXECUTIVE COMMITTEE 


W. H. Carson, Chairman 

T. D. Trrrr, Secretary 

J. H. ENGLEBRECHT, Mid-Conti- 
nent Necretary 


E. H. Bartow 
F. H. Eserie 
W. G. 


Associates 


H. F. H. P. Porter 


Power Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


W. E. CALDWELL, Chairman W. A. CARTER 
E. L.. Hopping, Secretary G. A. GAFFERT 
J. M. BRENTLINGER J. C. Hosss 


Process Industries Division 


Organized, 1934 


EXECUTIVE COMMITTEE 


Victor Wicuum, Chairman 
W. K. Vice-Chairman 
T. R. Oxrve, Secretary 


C. E. Harrington 
JOHN SENGSTAKEN 
A. WEISSELBERG 


SUBCOMMITTEE CHAIRMEN 


Air Conditioning, ARNOLD WEISSELBERG 
Brewing, C. F. Kayan 
Ceramics, W. K. McAFErE 
Cottonseed Processing, W. R. WooLricH 
Drying, C. W. THomas 
Food Processing, G. L. MONTGOMERY 
Industrial Instruments and Regulators, Ep S. SmirH 
Pulp and Paper, H. D. FISHER 
Sanitation, WILLIAM RaIscH 
Sugar, F. M. Gipson 
Unit Operation Costs, H. J. Masson 


HEAT TRANSFER COMMITTEE 


J. H. SENGSTAKEN, Chairman E. D. GrimIson 


W. S. Parrerson, Secretary H. C. Horrer 
R. E. Brrcu C. E. Lucke 
THos. Drew A. K. Scort 


M. S. Van DUSEN 


Railroad Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


W. H. WINTERROWD, Chairman 
C. T. Rreiey, 1st Vice-Chairman 
E. C. Scumunt, 2nd Vice-Chairman 
L. H. Fry, 8rd Vice-Chairman 
A. [. Lipetz, 4th Vice-Chairman 
M. B. RicHarpson, Secretary 


GENERAL COMMITTEE (RR2) 


W. H. WINTERROWD, Chairman 
D. 8S. (1937) 

TuHos. C. McBripe (1937) 

K. F. Nystrom (1937) 

W. H. (1938) 

F. G. Lister (1938) 

G. A. Youne (1938) 

HarveY Bottwoop (1939) 


FRANK E. (1939) 
R. W. Satisspury (1939) 
O. C. CromWwELL (1940) 

W. E. DunHAm (1940) 

J. R. Jackson (1940) 

A. GIESL-GIESLINGEN (1941) 
L. W. WALLACE (1941) 

E. G. Youne (1941) 


PAST-CHAIRMEN (RR3) 


E. B. Katre* (1920-1922) 

JAMES PARTINGTON (1923-1924) 

C. E. CHAMBERS (1925) 

H. B. Oatiey (1926-1927) 

Wo. ELMER (1928) C. B. Peck (1934) 

R. S. McConnett (1929) C. E. Barsa (1935) 
Gro. W. (1936) 


A. F. Steusrne (1930) 
SUMNER (1931) 
T. C. McBriwe (1932) 
L. K. (1933) 


CHICAGO GROUP (RR4) 


W. O. Moony 
C. T. 
W. H. WInTERROWD 


PETER PARKE, Chairman 
E. L. Woopwarp, Secretary 
WALTER DUNHAM 


COMMITTEE ON MEETINGS AND PAPERS (RR5) 


W. E. DunHaAM, Chairman J. R. JACKSON 


COMMITTEE ON SURVEY (RR6) 


A. GIESL-GIESLINGEN, Chairman (Locomotive and Foreign 
Developments) 
W. H. Cieee (Canadian and Automotive Equipment) 
K. F. Nystrom (Cars) 


COMMITTEE ON RESEARCH (RR9) 


L. H. Fry 
C. B. Peck 
L. W. WALLACE 


A. F. Steusine, Chairman 
W. G. DICKERMAN 
WILLIAM ELMER 
W. H. WINTERROWD 


* Deceased 


: 
= 
ry 
N 
j 
| 
80% 
NZ 
TON 
TER 
ON : 
a 


RI-8 AS.M.E. SOCIETY RECORDS, PART 1 
Textile Division Wood Industries Division 
Organized, 1921 Organized, 1921 3 A 
EXECUTIVE COMMITTEE EXECUTIVE COMMITTEE . 
A. W. Benort, Chairman WENDELL Brown A. W. Chairman R. H. McCarrny 7 
H. D. Learnarp, Vice-Chairman R. DeVere Hore M. Nicuots, Secretary P. T. Noston, Jn 
M. A. Gotrick, Jr., Secretary ALBERT PALMER T. D. Perry 
Associates Associates 
C. L. Bascock SERN MApDSsEN 
J. J. McELroy CiirForD H. RAMSEY P. H. J. H. N 
H. B. CARPENTER J. 8S. MATHEWson 
P. P. CARTWRIGHT G. R. Petrie | 
A. 8S. KurkKJIAN A. D. Smiru 
N 
MACHINING OF WOOD COMMITTEE / 
R. H. McCartuy, Chairman G. E. Frencu 
C. L. Bascock W. Kynocu N 
E. M. Davis C. M. THompson 
ON 
Student Branches 
(Personnel of Standing Committee on Relations With Colleges, page RI-2. Communicate with Student Branch through Honorary Chairman) | N 
Year No 
Name and Location Authorized Chairman Secretary Honorary Chairman : 
Akron, Univ. of, Akron, Ohio 1924 E. JoHN Goop Frep S. Nc 
Alabama, Polytechnic Inst., Auburn, Ala. 1920 F. H. Ricnrer Roy Doper C. R. Hrxon PN 
Alabama, Univ. of, University, Ala. 1931 D. L. Drake P. P. SHEAFF J. M. GALLALEE ) Oh 
Arkansas, Univ. of, Fayetteville, Ark. 1910 J. M. Brown J. W. NIVEN R. G. Pappock | Oh 
Armour Inst. of Technology, Chicago, 1909 S. M. MINER L. JANAS DANIEL Roescu Ok 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. 1909 Gro. McFArLANnp M. J. ZEMETRA J. A. LAMBERTINE ’ Ok 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. , Or 
(Evening) A. N. Stap J. M. Inasz J. A. LAMBERTINE 3 ( 
Brown Univ., Providence, R. I. 1923 H. A. HARRINGTON E. F. PIcKerING Z. R. Biss a Pe 
Bucknell Univ., Lewisburg, Pa. 1916 §. A. DEMvRo L. B. Kos F. E. Burpee Pe 
California Inst. of Technology, Pasadena, Calif. 1914 J. C. KINLEY IrvVING ASHKENAS D. S. CLARK 2 Pit 
California, Univ. of, Berkeley, Calif. 1912 B. E. DetMar J. E. Linppere, JR. B. F. RABer Pr: 
Carnegie Inst. of Technology, Pittsburgh, Pa. 1913 RAyMonp REISACHER BErRTEL EKHOLM T. G. Estep S Pr 
Case School of Applied Science, Cleveland, Ohio 1913 ALLEN STERN W. E. Forses G. B. Carson sy Pu 
Catholic Univ. of America, Washington, D. C. 1922 R. K. Staucurer, Jr. M. J. CLUNE M. E. WesScHuLER : Pu 
Cincinnati, Univ. of, Cincinnati, Ohio 1909 W. E. BERNING R. S. GOEBEL R. L. Re 
Clarkson College of Technology, Potsdam, N. Y. 1930 S. F. Cartin CHARLES QUENTIN J. A. Ross, JR. > Rh 
Clemson A. & M. College, Clemson College, Ric 
S.C. 1920 J.T. MANN R. L. GersBere B. E. Fernow Ros 
Colorado State College of Agriculture & Me- Rut 
chanie Arts, Fort Collins, Colo. 1914 H. B. STANDLEY W. F. CRENSHAW D. P. Crate . Sar 
Colorado, Univ. of, Boulder, Colo. 1914 DoNALD RISLEY G. S. Sou 
Columbia Univ., New York, N. Y. 1909 WuLLt1AmM TESSIN C. A. GONGWER , W. A. JOHNSON Sou 
Cooper Union, New York, N. Y. 1920 CorNELIUS KirBy A. A. BupprE H. F. Ro—EMMELE C 
Cornell Univ., Ithaca, N. Y. 1908 JoHN ScHADLER, JR. GERALD PHILIPP F. 0. ELLENWwoop Sou 
Delaware, Univ. of, Newark, Del. 1929 W. K. Benson, Jr. E. S. Lomax Leo BLUMBERG © Sta 
Detroit, Univ. of, Detroit, Mich. 1930 R. J. Moore E. W. ConNOLLY H. E. MAyrose Ste 
Drexel Inst., Philadelphia, Pa. 1920 A. E. Juram Epwarp Berry J. H. BILiines Swa 
Duke Univ., Durham, N. C. 1935 S. F. Boyce R. D. MartINn R. S. WILBUR Syr; 
Florida, Univ. of, Gainesville, Fla. 1926 W. H. Toske C. D. Mason N. C. Epaveu S Ten 
George Washington Univ., Washington, D. C. 1924 C. J. Mikuszewsk1 R. P. Strout B. C. CruicKSHANKS = Tex 
Georgia School of Technology, Atlanta, Ga. 1915 H. D. EMMenrt, Jr. A. A. MILLER R. A. TROTTER ‘@ Tex 
Idaho, Univ. of, Moscow, Idaho 1925 Jos. Gauss WALFRED CARLSON H. F. Gauss » Tex 
Illinois, Univ. of, Urbana, IIl. 1909 G. H. Logan E. J. WELLMAN F. H. THomas ® Tor 
Iowa State College, Ames, Iowa 1919 J.B. CopLin R. D. Rar Harry Daascu 
Iowa, State Univ. of, Iowa City, Iowa 1913 D. G. SCHAEFER Everett WATERS R. M. BARNES ® Tula 
Johns Hopkins Univ., Baltimore, Md. 1917 WaALLAce MacWIL- Utal 
LIAMS, JR. R. E. Noprer F. W. KouwENHOVEN m U. x 
Kansas State College, Manhattan, Kan. 1914 C. T. THomMPsON J. M. KLIewerrR LInN HELANDER m A 
Kansas, Univ. of, Lawrence, Kan. 1909 R.A. RusseLu LEMOIN VoTaw A. H. Stuss ® Van 
Kentucky, Univ. of, Lexington, Ky. 1911 THomas Harmon N. I. GEBHART R. C. Porter Ver 
Lafayette College, Easton, Pa. 1919 E. M. Breen J. F. Youne C. M. Merrick, ITI Vill: 
Lehigh Univ., Bethlehem, Pa. 1911 W. H. SHANK R. P. Sturais B. H. JENNINGS » Virg 
Lewis Inst., Chicago, Il. 1933. WILLIAM CRAMER Frep TAYLOR V. L. SHERMAN & Virg 
Louisiana State Univ., Baton Rouge. La. 1916 Ferp KRAMER L. T. WEATHERS WILLIAM WHIPPLE @ Was 
Louisville, Univ. of, Louisville, Ky. 1928 KenNeTH Hess G. E. Wuest R. S. Trosrper a Was 
Maine, Univ. of, Orono, Maine 1910 G. S. Jr. C. F. GoLpine W. J. SwWEETSER Was! 
Marquette Univ., Milwaukee, Wis. 1923 C. H. Krause W. H. Losse J. E. Schoen 7 West 
Massachusetts Inst. of Technology, Cambridge, oe Wisc 
Mass. 1909 W. H. Austin J. B. NUGENT C. L. SveNson Wor 
Michigan College of Mining & Technology, Wyo 
Houghton, Mich. 1930 A. B. JoHNSON HARRISON WEAVER H. W. RIsteen 4 Yale 


Michigan State College. E. Lansing, Mich. 1917 A. E. LaRocque D. R. WILson H. B. Dirks gz F 
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Name and Location 
Michigan, Univ. of, Ann Arbor, Mich. 
Minnesota, Univ. of, Minneapolis, Minn. 
Mississippi State College, State College, Miss. 
Missouri School of Mines and Metallurgy, Rolla, 
Mo. 
Missouri, Univ. of, Columbia, Mo. 
Montana State College, Bozeman, Mont. 
Nebraska, Univ. of, Lincoln, Neb. 
Nevada, Univ: of, Reno, Nev. 
Newark College of Engineering, Newark, N. J. 
New Hampshire, Univ. of, Durham, N. H. 
New Mexico, Univ. of, Albuquerque, New Mex. 
New York, College of the City of, New York. 
N. Y. 
New York Univ., New York, N. Y., Mechanical 
Division 
New York Univ., New York, N. Y., Aeronau- 
tic Division 
New York Univ., New York, N. Y., Evening 
Branch 
North Carolina State College, Raleigh, N. C. 


North Carolina, Univ. of, Chapel Hill, N. C. 
North Dakota Agricultural College, Fargo. 
N. D. 


North Dakota, Univ. of, Grand Forks, N. D. 
Northeastern Univ., Boston, Mass. 


Northwestern Univ., Evanston, IIl. 

Notre Dame, Univ. of, Notre Dame, Ind. 

Ohio Northern Univ., Ada, Ohio 

Ohio State Univ., Columbus, Ohio 

Oklahoma A. & M. College, Stillwater, Okla. 

Oklahoma, Univ. of, Norman, Okla. 

Oregon State Agricultural College, Corvallis, 
Ore. 

Pennsylvania State College, State College, Pa. 

Pennsylvania, Univ. of, Philadelphia, Pa. 

Pittsburgh, Univ. of, Pittsburgh, Pa. 

Pratt Inst., Brooklyn, N. Y. 

Princeton Univ., Princeton, N. J. 

Puerto Rico, Univ. of, Mayaguez, P. R. 

Purdue Univ., W. Lafayette, Ind. 

Rensselaer Polytechnic Inst., Troy, N. Y. 

Rhode Island State College, Kingston, R. I. 

Rice Inst., Houston, Tex. 

Rose Polytechnic Inst., Terre Haute, Ind. 

Rutgers Univ., New Brunswick, N. J. 

Santa Clara, Univ. of, Santa Clara, Calif. 

South Dakota State College, Brookings, 8S. D. 

Southern California, Univ. of, Los Angeles, 
Calif. 

Southern Methodist Univ., Dallas, Tex. 

Stanford Univ., Stanford University, Calif. 

Stevens Inst. of Technology, Hoboken, N. J. 

Swarthmore College, Swarthmore, Pa. 

Syracuse Univ., Syracuse, N. Y. 

Tennessee, Univ. of, Knoxville, Tenn. 

Texas, A. & M. College of, College Sta., Tex. 

Texas Technological College, Lubbock, Tex. 

Texas, Univ. of, Austin, Tex. 

Toronto, Univ. of, Toronto, Ont., Can. 

Tufts College, Tufts College, Mass. 

Tulane Univ., New Orleans, La. 

Utah, Univ. of, Salt Lake City, Utah 

U. 8. Naval Academy, Post Graduate School, 
Annapolis, Md. 

Vanderbilt Univ., Nashville, Tenn. 

Vermont, Univ. of, Burlington, Vt. 

Villanova College, Villanova, Pa. 


Virginia Polytechnic Inst., Blacksburg, Va. 
7 Virginia, Univ. of, University, Va. 


Washington, State College of, Pullman, Wash. 


» Washington, Univ. of, Seattle, Wash. 


Washington Univ., St. Louis, Mo. 

West Virginia Univ., Morgantown, W. Va. 
Wisconsin, Univ. of, Madison, Wis. 

Worcester Polytechnic Inst., Worcester, Mass. 
Wyoming, Univ. of, Laramie, Wyo. 


» Yale Univ., New Haven, Conn. 


* Faculty Advisor. 


Year 


Authorized 


1914 
1913 
1926 


1930 
1909 
1920 
:909 
1923 
1924 
1926 
1935 


1922 
1917 
1917 


1933 
1920 
1929 


1929 
1923 
1922 


1935 
1929 
1922 
1911 
1921 
1917 


1909 
1909 
1925 
1917 
1923 
1926 
1923 
1909 
1910 
1930 
1925 
1926 
1920 
1925 
1935 


1929 
1933 
1909 
1908 
1921 
1912 
1923 
1921 
1930 
1921 
1933 
1917 
1933 
1923 


1925 
1928 
1922 
1925 
1915 
1923 
1930 
1917 
1911 
1922 
1909 
1914 
1925 
1910 


Chairman 

J. F. 
Gerry MITCHELL 
H. V. Cooper, JR. 


R. R. Katey 

J. A. MARTIN 

JACK BOETCHER 

J. E. PASSMORE 
Guy Morris 

J. T. BAILey 

A. M. WEATHERBY 
HowarpD BENISCHEK 


ALFRED DIETRICH 
ZYGMONT J AROS 
Rosert LEHR 
ADOLPH PANITZ 
F. L. CONNELL 
W. P. Kepuart 


EArt MARTINSON 
M. E. AIEGENHAGEN 


H. C. Wiiper (Div. A) 


P. D. JoHnson (Div. 
B) 

Ray TEGTMEYER 

B. F. Harrz 

R. H. LeIseENHEIMER 
P. G. Haywoop 
VANE BRANT 
MARION DORNEY 


J. A. MONTGOMERY 
A. M. KRaKOWER 
JOHN DOERING 

A. A. GRADISAR 
W. A. FREER 

M. C. Lone 


R. K. Wetpy 

J. B. NOLAN 

E. G. 
Epwarp BoYLe 
CLypE CROMWELL 
Rosert BuRNS 
W. J. ADAMS, JR. 
ANDERS LYNGSTAD 


RopERICcK KEENAN 
WERNER HENKE 
S. E. Weaver, Jr. 
R. L. BUCHANAN 
JoHN H. Beck 

R. C. Stumpr 

R. M. Russet, Jr. 
W. W. Harris 

A. R. Cooper 

P. B. Croom 

M. F. Carriers 
R. W. Hunt 

H. W. BLAKESLEE 
B. D. Hatrcu 


E. C. HueHes 

F. H. Truax 
JOSEPH DELANEY 
C. D. RicHarps 
P. F. Hurt 
Everett HANSON 
Ropert Foster 
Evoene Har 

G. M. Kyte 
EuGene KIRTLAND 
A. H. JoHNSON 
KELLY NIEDERJOHN 
C. S. Epear 
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Secretary 
E. L. SINCLAIR 
Kart HAUGEN 
J. F. WILLIAMSON 


W. E. Louver 

C. C. Horr 
Davin CocHRANE 
P. J. GAMLIN 
VERNON Soorr 
R. D. WEIGAND 
S. E. ToMKINSON 
DALTON BERGAN 


MICHAEL FRIEDMAN 
GERARD Russo 
R. 8. Buck 


J. E. DARLINGTON 
E. L. GUERRANT 
H. E. Ropsrns, Jr. 


EarL VOLLRATH 
GLENDON BARROWS 

G. A. Reep, Jr. (Div. A) 
A. C. Beck (Div. B) 


JOHN WAHLSTROM 
J. A. RILEY 

E. I. SALo 

J. H. EaGie 
Epwarp DUNNING 
WILLIAM ALLEN 


S. R. Keiiey 

H. N. TAYLor 
HERBERT BERNSTEIN 
J. B. Woop 

F. W. FIALa 

C. W. WILLIAMS 


W. B. WoLverTon 
H. D. Hersert, Je. 
R. W. WARREN 

H. B. Youne 
FRANK BLOUNT 
F. C. ERHArRT 

F. P. Gomes 

Rost. BENTSON 


ELMER SOLOMONSON 
Sam SHOOK 

H. B. Munton 

R. S. PHarr 


F. D. WEEKS 

C. K. Norris 
RIcHARD WHITE 
Henry MEREDITH 
R. L. RATHER 

A. 8S. Forman 
JAMES LITTLE 

R. B. JAMES 
LAWRENCE SENTKER 


Georce BRENGELMAN 
D. R. LEEKOFF 

E. A. MATHIAS 

R. G. Gress 

J. T. CALHOUN 
WILLIAM CARTWRIGHT 
Greorce LUNDSTROM 
ORVILLE MILLER 

B. L. Park 

W. F. GorHer 

W. G. RicHarps 
WILLIAM GREEVER 
J. B. Packer, Jr. 


Honorary Chairman 
H. E. Keever 
J. J. RYAN 
R. C. CARPENTER 


R. O. JACKSON 
J. R. WHARTON 
M. R. 

A. A. LUEBS 

F. H. Smstey 
F. D. Carvin 
J. J. UICKER 
M. E. Farris 


G. J. BIscHor 
A. C. Coonrapt 
F. K. TEICHMANN * 


A. C. CoONRADT 
L. L. VAUGHAN 
E. G. Hoerrer 


R. M. Dotve 

Orvie HigHuM 

J. W. Zevier (Divs. A and 
B) 


H. S. PHILBRICK 
C. C. Witcox 

J. A. NEEDY 

S. R. BeITLeR 
V. W. Youne 
E. E. AmBrosius 


C. 

L. ALLEN 

H. Cooean, JR. 
J. Tracy, Jr. 
B. DALE 

M. GREENE, JR. 
I. Gin 

V. Lupy 

. A. FESSENDEN 
L. WALES 

. H. Burr 

ARL WISCHMEYER 
P. BaILey 

L. SULLIVAN 
T. STRATE 


Zo 


T. Eyre 

E. Lewis 

B. DoMONOSKE 
I. YELLOTT, Jr. 
B. THom 

R. ACHESON 
L. WILKINSON 
M. Fatres 

F. GopEKE 

E. SHort 

. G. McINTosH 
. H. CHASE 

. K. MAYER 

. J. Cope 


J. KIEFER 

H. ACKER 

L. SussporFF 
S. MorEHOUSE 
B. JoNEs 

F. MACCGONOCHIE 
B. PARKER 

T. McMInN 
H. Sacer 

L. AMIDON 

P. CoLBERT 

. G. DowNnING 
. P. Hunt 

. W. DuDLey 
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Local Sections 


(Personnel of Standing Committee, p. RI-1) 


Mid-West Office 
Room 1617, 205 West Wacker Drive, Chicago, II. 


Mid-Continent Office 


J. H. Encevsrecut, Mid-Continent Petroleum Secretary, 
102 Tulsa Bldg., Tulsa, Okla. 


Regional Group Delegates to Annual Conferences 
Terms expire October. 1987 


S. B. Earte, Group IV 

Tueo. BAUMEISTER, JR., Group II S. R. Berrier, Group V 

R. S. Brescka, Group III R. M. Barnes, Group VI 
D. R. Gray, Group VII 


W. L. Eve, Group I 


Terms expire October, 1988 


J. P. Harpeson, Jr., Speaker, Group III 
V. M. Frost, Secretary, Group II 
A. L. Davis, Group I K. F. Trescnow, Group V 
L. J. LassaLtite, Group IV C. A. Koepke, Group VI 
E. 0. Eastwoop, Group VII 


AKRON-CANTON 
Organized: 1920 
Territory: Counties of Richland, Ashland, Medina, Summit, 
Portage, Wayne, Stark, Holmes, Tuscarawas, Carroll, and 
Coshocton in Ohio 
Number of Members: 123 


EXECUTIVE COMMITTEE 


H. A. TrRisHMAN, Chairman W. O. CLINEDINST 

W. P. Cox, Vice-Chairman E. C. Huge 

JamMeES Forrest, Secretary- E. F. Maas 
Treasurer R. H. Smirn 

M. R. BowerMAN H. E. WANER 


C. D. ZIMMERMAN 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reorganized, 1928, as Anthra- 
cite-Lehigh Valley 

Territory: Counties of Bradford, Susquehanna, Wayne, Sullivan, 
Wyoming, Lackawanna, Columbia, Luzerne, Monroe, Pike, 
Schuylkill, Carbon, Berks, Lehigh, Northampton in Pennsyl- 
vania, and Warren in New Jersey 

Place of Meeting: One meeting annually at Allentown, Bethlehem, 
Easton, Hazleton, Pottsville, Reading, Scranton, and Wilkes- 
Barre 

Local Organization: The Engineers’ Club of Lehigh Valley 

Number of Members: 185 


EXECUTIVE COMMITTEE 


P. B. Eaton, Chairman E. M. Fernayp 

F. H. DecHant, Vice-Chairman W. W. Hagerty 

H. A. PIcKEL, Vice-Chairman C. H. McKnieut 
C. W. BELL, Secretary R. H. Porter 


R. J. Prince, Treasurer J. T. Rea 
R. D. BERNIGER W. P. SAUNIER 
A. B. CLEMENS J. W. STEINMEYER 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from Atlanta, Ga. 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 P. M. at Atlanta 
Athletic Club 


Number of Members: 69 


Organized: 


AS.M.E. SOCIETY RECORDS, PART 1 


EXECUTIVE COMMITTEE 


G. Braungart, Jr., Chairman T. E. 
R. M. Matson, Vice-Chairman H. D. Emmenrt 
M. F. Mert, Secretary-Treasurer S. C. Hae 


R. WHITFIELD 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Baltimore, Md. 

Place of Meeting: Engineers’ Club of Baltimore 

Luncheon meeting every Wednesday at 12:00 noon at Engineers’ 
Club 

Number of Members: 144 


EXECUTIVE COMMITTEE 


N. B. 

J. C. Hoirz 

F. W. 
A. L. PENNIMAN 


R. C. DANNETTEL, Chairman 

K. P. Hanson, Secretary-Treasurer 

C. R. 

L. F. Corrin 
W. E. Proctor 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Birmingham, Ala. 
Place of Meeting: Tutwiler Hotel 

Number of Members: 59 


EXECUTIVE COMMITTEE 


NEAL Duacer 
J. W. EsHetmay 


T. J. CARPENTER, Chairman 
G. R. Vice-Chairman 
D. H. Gutppere, Secretary-Treasurer 


BOSTON 


1909 

Territory: Radius of thirty miles from Boston, Mass. 

Place of Meeting: Rooms of the Engineering Societies of New 
England 

Local Organization: 

Number of Members: 


Engineering Societies of New England 
521 


Executive COMMITTEE 
GeorGE Eaton, Chairman H. K. Deas 
E. L. Root, Vice-Chairman JAMES Hott 
B. B. Foaier, Secretary G. F. Jenxs 
BRIDGEPORT 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Fairfield County, Conn. 

Place of Meeting: Stratfield Hotel 

Local Organization: Engineers’ Club of Bridgeport 

Number of Members: 127 


EXECUTIVE COMMITTEE 


C. N. HoaGLanpn, Chairman ARTHUR BREWER 

O. J. RicuMonp, Vice-Chairman W. R. CLarkK 

W. H. Snirren, Secretary A. H. Emery 

A. W. HaGan, Treasurer H. Patrerson [Hanae 

T. H. Bearp R. C. Moopy 

J. BRENZINGER H. E. WELts 
BUFFALO 

Organized: 1915 

Territory: Radius of thirty miles from Buffalo, N. Y. 


Place of Meeting: Hotel Statler 
Local Organization: Engineering Society of Buffalo 
Number of Members: 166 


EXecuTIve CoMMITTEE 


J. L. Yates, Chairman 

PAUL DuBoscLaRD, Vice-Chairman Cart ROSA 

W. A. MILter, Secretary W. M. KaurrMan 
E. K. NIcHoison 


C. E. Harrineron, Treasure 
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CENTRAL INDIANA 
Organized: 1916 


Territory: Radius of eighty miles from Indianapolis, within 
Indiana 
Place of Meeting: Place varies 
Local Organization: Indiana Engineering Society 
Number of Members: 112 
EXECUTIVE COMMITTEE 
F. C. HockeMA, Chairman JAMES CUNNING 


F. R. Weaver, Vice-Chairman 
J. C. SteaesMuND, Secretary-Treasurer 


Homer RupaArD 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty miles from State Col- 
lege, Pa. 

Place of Meeting: Pennsylvania State College, State College, Pa. 

Number of Members: 82 


EXECUTIVE COM MITTEE 


C. H. Kent, Chairman 
F. Stewart, Secretary 


H. A. Everett 
JOHN HENZEY 


CHARLOTTE 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of seventy-five miles from Charlotte, N. C. 

Luncheon Meeting every Monday at 1:00 P.M. at Efirds Depart- 
ment Store 

Number of Members: 35 


EXECUTIVE COMMITTEE 
W. E. McDowe Chairman 


V.E. FULLER, Vice-Chairman 
R. W. OLIve 


W. W. Leroy, Secretary-Treasurer 
Asa HosSMER 


CHATTANOOGA 
Organized: 1922 
Territory: Radius of sixty miles from Chattanooga, Tenn. 
Local Organization: Chattanooga Engineers’ Club 


Luncheon meeting every Monday noon at Chattanooga Engineers’ 
Club 


Number of Members: 15 


COMMITTEE 


NEWELL SANDERS, Chairman 
H. H. Battery, Vice-Chairman 
F. Warp Secretary-Treasurer 


L. G. HALLER 
M. P. WALL 


CHICAGO 

Organized: 1913 

Territory: Radius of fifty miles from Chicago, Il. 

Headquarters: Mid-West A.S.M.E. Office, Room 1617, 205 West 
Wacker Drive, Chicago, III. 

Luncheon Meeting every Tuesday at 12:15 P. M. at Chicago Engi- 
neers’ Club 

Local Organization: Western Society of Engineers 

Number of Members: 698 


EXecuTIve COMMITTEE 


T. S. McEwan, Chairman 

W. E. DUNHAM, Vice-Chairman 
F. B. Orr. Secretary-Treasurer 
R. D. Brizzocara 

C. B. 

L. A. CLousINe 

Hvuco Diemer 

Nixon ELMER 


J. 8. Kozacka 

F. H. Lane 
ADOLPH LANGSNER 
C. T. LInK, JR. 

D. Roescu 

Epwarp R. RowLey 
R. E. Turner 

W. H. WINTERROWD 
E. L. Woopwarp 
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CINCINNATI 
Organized: 1912 
Territory: Radius of thirty miles from Cincinnati, Ohio 
Place of Meeting: Engineers’ Club Rooms, Ninth & Race Sts. 
Local Organization: Engineers’ Club of Cincinnati 
Number of Members: 177 


EXECUTIVE COMMITTEE 


F. E. Chairman 

H. C. Vice-Chairman 
C. A. Joercer, Secretary-Treasurer 
D. Brown 

W. E. M. FIELMAN 


C. L. KoeHLer 
EpWARD MARTIN 
L. F. NENNINGER 
R. S. PARKER 
F. H. PFerrer_e 


CLEVELAND 

Organized: 1918 

Territory: Counties of Lorain, Cuyahoga Lake, Geauga, and 
Ashtabula in Ohio 

Place of Meeting: Statler Hotel 

Local Organization: Cleveland Engineering Society 

Luncheon Meeting every Wednesday at 12:30 P. M. at Hotel 
Statler Cafeteria 

Number of Members: 250 


EXECUTIVE COMMITTEE 


E. STanteY AULT, Chairman 
F. JEHLE, Vice-Chairman 


J. Rotanp Brown 
W. C. CoNNELLY 


E. R. McCartny, Secretary C. A. DAUBER 
C. C. McCLeLLanpb, Treasurer McRea PARKER 
C. C. WALES 
COLORADO 
Organized: 1919 


Territory: Entire State of Colorado 

Place of Meeting: Parisienne Rotisserie Inn, Denver, Colo. 

Local Organization: Colorado Engineering Council (Colorado So- 
ciety of Engineers) 

Number of Members: 95 


EXECUTIVE COMMITTEE 


R. W. Morton, Chairman J. A. HUNTER 

A. L. Hin, Secretary-Treasurer F. A. Lockwoop 

L. D. CRAIN F. H. Prouty 
G. A. RICHTER 


COLUMBUS 

Organized: 1920 

Territory: Counties of Union, Delaware, Licking, Madison, Frank- 
lin, Fayette, Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Institute and Ohio State 
University 

Local Organization: Engineers’ Club of Columbus 

Luncheon Meeting Third Friday of each month at 12:00 noon at 
Engineers’ Club, Columbus 

Number of Members: 74 


ExeEcuTIvE COMMITTEE 


R. A. SHERMAN, Chairman D. R 
R. C. Cross, Secretary-Treasurer H. S. DicKerson 
S. R. BeIrLer E. N 

W. A. WELCKER, JR. 


DAYTON 

Organized: 1926 

Territory: Counties of Drake, Miami, Champaign, Preble, Mont- 
gomery, Greene, and northern part of Butler and Warren in 
Ohio 

Place of Meeting: Engineers’ Club of Dayton 

Local Organization: Engineers’ Club of Dayton 

Number of Members: 75 


EXECUTIVE COMMITTEE 


R. W. Martin, Chairman 

G. A. BuvINGER, Vice-Chairman 
J. J. Hearty, Secretary 

B. E. Tate, Jr., Treasurer 


R. K. Coppock 
H. M. Gano 

L. E. 

F. H. 
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DETROIT 
1916 
Radius of thirty miles from Detroit, Mich. 
Place varies 
Engineering Society of Detroit 
404 


Organized: 
Territory: 
Place of Meeting: 

Local Organization: 
Number of Members: 


EXercuTIVE COMMITTEE 


C. L. EKSERGIAN 
J. J. GREBE 


L. T. KNocke, Chairman 
C. J. Freunp, Secretary-Treasurer 


C. R. ALDEN H. E. 
J. W. ARMOUR A. F. KNosiock 
M. W. BENJAMIN E. T. VINCENT 


G. C. DANIELS Sasin Crocker, fficio 
ERIE 

1917 

Radius of thirty miles from Erie, 
Auditorium of Pennsylvania 


Organized: 
Territory: 
Place of Meeting: 
pany 

Number of Members: 


Pa. 
Telephone Com- 


61 


EXECUTIVE COMMITTEE 


B. CAIN, Chairman 7. W. Bach 

Ww Vice-Chairman E. R. GNADE 

E. C. Is, Secretary }. KAEM MERLING 

C. T. OrGer, Treasurer H. G. MUELLER 
J. Woopwarp ° 


FLORIDA 


Organized: 1925 

Territory: State of Florida 

Place of Meeting: Place varies 

Local Organization: Florida Engineering Society, Gainesville, Fla. 
Number of Members: 75 


EXECUTIVE COM MITTEE 


C. H. Boron, Jr. 


C. V. IMESON 


. WARREN, Chairman 
LEER, 1st Vice-Chairman 


. SCHARNBERG, 2nd Vice-Chairman C. M. Lowry 
Secretary-Treasurer Ertine Rus 
BEENSEN W. H. Toske 


GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and neighboring and closely 
related communities of Claremont and Hanover, N. H. 

Place of Meeting: Springfield, Windsor, Vt., and Claremont, N. H. 
Local Organization: Vermont Engineering Society 

Number of Members: 34 


EXECUTIVE COMMITTEE 


. J. DEWELL, Chairman R. W. Haske 

. H. Arms, Secretary-Treasurer J. B. JOHNSON 

. H. ADAMS F. A. Joy 
BEACH H. J. Lockwoop 


E. L. SussporFr 


GREENVILLE 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Greenville, S. C. 

Place of Meeting: Meetings held at Greenville, Clemson College, 
S. C., Canton, Asheville, and Enka, N. C. 

Number of Members: 41 


EXECUTIVE COM MITTEE 


R. 8. Prurrr, Chairman H. H. Iter 
J. A. McPHERSON, Vice-Chairman G. R. Morgan 
J. B. Mayo, Secretary-Treasurer E. R. STAuu 
B. E. Fernow F. A. WaYANntT 


E. SOCIETY RECORDS, PART 1 


HARTFORD 


Organized: 1917, as Branch of Conn. Section; reorganized, 1923 

Territory: Hartford County except that portion served by Meri. 
den and New Britain Sections 

Place of Meeting: Hartford Electric Light Company 


Number of Members: 115 
Executive COMMITTEE 
E. P. Herrick, Chairman R. ri KELLER 
+. R. Vice-Chairman W. 8S. Paine 
D. K. Morgan, Secretary-Treasurer R. 8. SHAW 
R. F. Dow S. Jay TELLER 
F. O. HoaGLanp H. B. 
J. C. Warp, Jr 
INLAND EMPIRE 
Organized: 1921 


Territory: East of Columbia River in State of Washington, and 
Counties of Okanogan and Benton, and part of Northern Idahe 

Place of Meeting: Davenport Hotel, Spokane 

Luncheons Wednesdays at 12:00 noon, Davenport Hotel, 

Local Organization: Associated Engineers of Spokane 

Number of Members: 26 


Spokane 


(XECUTIVE COMMITTEE 


H. H. LANapon, Chairman D. R. Gray 


Henry Gauss, Vice-Chairman L. J. Posprisn 
C. I. Carpenter, Secretary-Treasure: 
ITHACA 
Organized: 1936. Organizing Officer: F. G. Swirzer 
KANSAS CITY 
Organized: 1921 
Territory: Radius of sixty miles from Kansas City, Mo 
Place of Meeting: President Hotel 
Local Organization: Engineers’ Club of Kansas City 
Number of Members: 105 
Executive CoM MITTEE 
H. Situ, Chairman J. A. KING | 
L. Vice-Chairman W. L. Martuews 
H. L. Crain, Secretary J. F. Prircuas 
W. B. Treasurer J. R. STont 
H. W. WILLIAMSON 
KNOXVILLE 
Organized: 1923 
Territory: All the counties east of the west boundaries of th 
following: Morgan, Roane, Loudon, McMinn, Scott, and Polk 
Tenn., and Bell County, Ky. 
Place of Meeting: Andrew Johnson Hotel 
Local Organization: Knoxville Technical Club E 
Number of Members: 68 4 
4 
EXECUTIVE COMMITTEE 
JoHN CALLAN, Chairman C. DANIELS 4 
F. L. WILKINSON, Vice-Chairman J. M. Kapervy 
R. Brooks TayLor, Secretary-Treasurer T. I. STEPHENS’ 
LOS ANGELES 
Organized: 1915 
Territory: South of southern boundaries of following countie 7 
Monterey, Kings, Tulares, and Inyo, Calif. a 
Place of Meeting: Ninth floor, Chamber of Commerce Bldg a 
Local Organization: Technical Societies of Los Angeles 4 


Luncheon Meetings Thursdays at 12:00 noon at Engineers’ Clu! 
Number of Members: 374 


Executive COMMITTEE 


R. McC. 
F. M. Berson 
C. W. 


H. L. Eaoieston, Chairman 
S. W. Duncan, Vice-Chairman 
S. M. Dunn, Secretary-Treasurer 
H. 8S. Inauam 
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LOUISVILLE 
Organized: 1922 
Territory: Radius of thirty miles from Louisville, Ky. 
Place of Meeting: Engineers’ and Architects Club of Louisville 
Local Organization: Engineers’ and Architects Club 
Number of Members: 44 


EXECUTIVE COM MITTEE 


J. H. RoMANN, Chairman B. M. BriagmMan 
L. R. JACKSON, Vice-Chairman G. W. HusBLey 
H. H. Fenwick, Secretary-Treasurer Joun F. Hurst 


MEMPHIS 
Organized: 1923 
Territory: Radius of sixty miles from Memphis, Tenn 
Number of Members: 20 


Executive COMMITTEE 


M. W. Rice, Chairman D. F. Brooks 
W. J. FRANSIOLI, Jr., Secretary-Treasurer W. Roserts 
M. D. Rust 


MERIDEN 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Meriden, Middletown, Southington, Portland, Plants- 
ville, and Wallingford, Conn. 

Place of Meeting: State Trade School Auditorium 

Number of Members: 13 


EXECUTIVE COMMITTEE 


C. A. Newton, Chairman L. B. Marcy 

R. W. Stetson, Secretary-Treasurer E. A. Ropinson 
E. L. BARKER Puitie TRIPOLI 
J. A. HurcHInson J. C. TUCKER 


METROPOLITAN 
Organized: 1910 
Territory: Metropolitan District, New York and New Jersey 
Place of Meeting: Engineering Societies Building, New York. 
Number of Members: 3426 


EXECUTIVE COM MITTEE 


T. BauMerster, Chairman 
C. A. Hescuees, Secretary 
V. M. Frost, Treasurer 

J. M. 

A. Ernst 


W. C. Grass 

Joun HorruINne 

T. E. KeatiIne 

G. W. KELSEY 

J. N. LANpIs, ficio 


MID-CONTINENT 

Organized: 1919 

Territory: Entire states of Oklahoma and Arkansas, and a part 
of Louisiana. In Texas north of the southern boundaries ot 
the counties of Gaines, Dawson, Bordon, Scurry, Fisher, Jones. 
and Shackelford 

Place of Meeting: 102 Tulsa Bldg., Tulsa, Okla. 

Number of Members: 124 


EXECUTIVE COM MITTEE 


R. G. Ayers, Chairman 

J. H. Keyes, Vice-Chairman 
E. Kemer, Secretary 

C. H. Treasurer 


A. J. Mack 
B. OAKLAND 
L. C. Price 
W. H. 


MILWAUKEE 
Organized: 1904 
lerritory: Radius of fifty miles from Milwaukee, Wis. 
Place of Meeting: Milwaukee Athletic Club 
Local Organization: Engineers’ Society of Milwaukee 
Number of Members: 190 


EXECUTIVE COMMITTEE 


L. H. Stark, Chairman H. DAHLSTRAND 

T. F. EserKaun, Secretary Frep DorRNER 

W. D. Biiss A. H. Lurepickr 
ARTHUR SIMON 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul. 1913: the two Sections 
merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union 

Local Organization: Minneapolis Engineers’ Club, Minnesota 
Federation of Architectural and Engineering Societies 

Number of Members: 86 


EXECUTIVE COM MITTEE 
L. A. Coss, Chairman 
C. A. KorerKe, Vice-Chairman 
A. R. Forp. Secretaryu-Treasurer 


Grorce EnNpico1! 
MELVIN OVESTRUD 
Haro_p WASHBURN 


NEBRASKA 
Organized: 1922 
Territory: State of Nebraska, and Council Bluffs, towa 
Place of Meeting: Lincoln and Omaha 
Local Organization: Engineers’ Club of Lincoln and Omaha 


Luncheon Meeting every Wednesday noon at the Omaha Engineers 
Club 
Number of Members: 32 


EXECUTIVE COMMITTEE 


C. F. Mouton, Chairman W. L. DeBaurre 
A. E. Buntine, Vice-Chairman Otto JABFLMANN 
A. A. Lures, Secretary-Treasurer L. J. Rur 


NEW BRITAIN 


Organized: 1921, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: New Britain, Plainville, Forestville, Bristol. Ken- 
sington, and Berlin, Conn. 

Place of Meeting: Auditorium of the State Trade School 

Number of Members: 39 


EXecutTIve COMMITTEE 


P. W. Baver, Chairman N. F. Hserpe 
C. C. STEVENS, Vice-Chairman B. S. Lewis 
H. L. Porrer, Secretary-Treasurer Cc. W. Lunp 
R. A. GRISE A. R. Spicacci 


NEW HAVEN 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven and Middlesex Counties. Conn 
Place of Meeting: Mason Laboratory, Yale University 

Number of Members: 75 


EXeEcuTIVE COMMITTEE 


H. R. Poiieys, Chairman F. W. Keator 
M. J. Rapeckt, Secretary-Treasurer R. A. NortH 
ALBERT F. BREITENSTEIN W. F. YHomMPsoNn 


L. H. Von OHLSEN 


NEW ORLEANS 
Organized: 1916 
Territory: All of Louisiana except the northern part allotted to 
Mid-Continent Section 
Place of Meeting: Room 422, St. Charles Hotel 
Local Organization: Louisiana Engineering Society 
Number of Members: 88 


EXecuTivE COMMITTEE 


C. C. CRAwrorp, Chairman G. R. Hammett, Secretary- 
L. J. LASSALLE, Vice-Chairman Treasurer 

J. 

R. F. MULLER 


le . 
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NORTH TEXAS 
Organized: 1922 
Territory: Radius of one hundred and twenty-five miles from 


Dallas, in Texas 
Place of Meeting: Dallas Power & Light Co. Bldg. 
Local Organization: Technical Club of Dallas 
Number of Members: 80 


EXECUTIVE COMMITTEE 


P. M. 
J. A. NoYes 
H. M. Rosinson 


R. R. Crowpvus, Chairman 
H. R. Pearson, Secretary 
E. W. Burbank 


NORWICH 
Organized: 1930 
Territory: Counties of Tolland, Windham, and New London in 
Connecticut, and Westerly District in Rhode Island 
Place of Meeting: Arcanum Club, 150 Main St., Norwich 
Number of Members: 33 


EXECUTIVE COMMITTEE 


A. E. Wetcu 
L. E. 


C. W. Puevps, Chairman 
W. E. Beaney, Secretary-Treasurer 


C. E. BARBER W. L. Epe., E2-Officio 
ONTARIO 

Organized: 1917 

Territory: Province of Ontario, Canada 


Place of Meeting: Mining Building, University of Toronto 
Number of Members: 112 
EXECUTIVE COMMITTEE 


W. S. Bai, Chairman S. G. CLARKE 


F. G. East, Secretary-Treasurer F. H. ELanp 

T. C. AGNEW O. W. 

J. R. Burgess W. G. McINntosH 

C. H. McL. Burns W. A. RicHarps 

C. C. Cariss P. G. 
OREGON 

Organized: 1919 

Territory: State of Oregon and that territory in Washington 


within a radius of thirty miles from Portland, Ore. 
Place of Meeting: Portland Hotel, Portland, Ore. 
Local Organization: Oregon Society of Engineers 
Number of Members: 56 


EXECUTIVE COMMITTEE 


Wa. BRENNAN 
G. O. MATTER 


Pact Hestop, Chairman 
RopNneEY Dunwop, Secretary 
J. C. Ornvus 


PENINSULA 
Organized: 1923 
Territory: West of the east boundaries of the following counties: 
Emmet, Charlevoix, Antrim, Kalkaska, Missaukee, Clare, 
Isabella, Gratiot, Clinton, Eaton, Calhoun, and Branch, Mich. 
Place of Meeting: Grand Rapids, Mich. 
Local Organization: Engineers’ Club of Grand Rapids 
Number of Members: 39 


EXECUTIVE COMMITTEE 


Le Roy L. 
A. KUuRKJIAN 


C. B. Norris, Chairman 
L. A. CorneLius, Vice-Chairman 
R. E. Secretary-Treasurer 


PHILADELPHIA 
Organized: 1912 
Territory: Counties of Bucks, Montgomery, Chester, Philadelphia, 
Delaware, Pa., and the State of Delaware 
Place of Meeting: Philadelphia Engineers’ Club, 1317 Spruce 
Street, Philadelphia, Pa. 
Local Organization: Philadelphia Engineers’ Club 
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Luncheon Meeting every Tuesday noon at Philadelphia Engineers’ 
Club 
Number of Members: 825 


EXECUTIVE COMMITTEE 


H. E. Corr 
E. L. Hopprne 
W. F. OBERHUBER 


J. P. Harpeson, Jr., Chairman 
COLEMAN SELLERS, 3rd, Vice-Chairman 
C. C. Jones, Secretary-Treasurer 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by and including Beaver, Butler, 
Venango, Forest, Jefferson, Indiana, Somerset, Fayette, 
Greene, and Washington, Pa. 

Place of Meeting: Engineers’ Society of Western Pennsylvania, 
William Penn Hotel 

Local Organization: Engineers’ Society of Western Pennsylvania 

Number of Members: 327 


Executive COMMITTEE 


H. E. Hauer, Chairman G. E. Dienan 
K. F. Trescnow, Secretary-Treasurer G. P. 
H. C. CLAUSEN J. A. Hunter 


PLAINFIELD 

Organized: 1921 

Territory: Plainfield and territory included between Elizabeth 
Bound Brook, Metuchen, and Watchung, N. J. 

Place of Meeting: Elizabeth Carteret Hotel, Elizabeth, and Plain- 
field Masonic Temple, Plainfield 

Local Organization: Plainfield Engineers Club, Singer Engineer 
ing Society 

Number of Members: 183 


EXECUTIVE COMMITTEE 


H. I. Lewis, Treasurer 
J. P. Faper 
D. V. Waters 


W. B. Upprecrarr, Chairman 
R. S. Brescka, Vice-Chairman 
G. E. Leavitt, Jr., Secretary 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from Providence, R. I. 

Place of Meeting: Providence Engineering Society Building, 195 
Angell St., Providence, R. I 

Local Organization: Providence Engineering Society 

Number of Members: 163 


EXecuTIvVE COMMITTEE 


F. A. CHIFFELLE, Chairman Z. R. Buiss 

S. A. VauLe, Vice-Chairman A. C. Cicx 
A. W. Carper, Jr., Secretary-Treasurer E. W. Freemas 
F. S. BLAcKALL, JR. R. T. Ove 


J. D. RoBertson 


RALEIGH 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Raleigh, N. C. 

Place of Meeting: N.C. State College, Raleigh. N. C. 

Local Organization: N. C. Engineering Council, Raleigh Engineer 
Club 

Number of Members: 19 


Executive CoM MITTEE 


E. G. Hoerer 
R. Hott 
C. E. 


R. M. Rotruces. Chairman 
R. S. Witsur, Vice-Chairman 
F. B. Turner, Secretary-Treasurer 


H. H. Vance 
ROCHESTER 
Organized: 1919 
Territory: Radius of thirty miles from Rochester, N. Y. 


Place of Meeting: Rochester Engineering Society Rooms, Sag* 
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Local Organization: 
Hotel 

Luncheon Meeting every Tuesday at 12:15 P. M. at Sagamore 
Hotel 

Number of Members: 100 


Rochester Engineering Society, Sagamore 


EXecutTivE COMMITTEE 


K. B. Cast_e, Jr., Chairman W. T. CoweLi 
Howarp Harprne, Vice-Chairman T. F. Hooker 
I. G. McCuesney, Secretary-Treasurer M. D. Lee 
W. D. SEELEY 
ROCK RIVER VALLEY 
Organized: 1926 
Territory: Radius of thirty miles from Rockford, IIl. 
Local Organization: Rockford Engineering Society 
Number of Members: 52 
Executive CoMMITTEE 
H. Hatt, Chairman L. GeppEs 


HERMAN HUvuGLe 
A. C. MatTTIsoNn 


R. C. GLAZEBROOK, Vice-Chairman 
R. HesseLLunpD, Secretary-Treasurer 
W. R. SHeEpp 


ST. JOSEPH VALLEY 

Organized: 1929 

Territory: Counties of La Porte, Starke, Pulaski, St. Joseph, 
Marshall, Fulton, Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, South Bend, Ind. 

Local Organization: St. Joseph Valley Engineers’ Club 

Number of Members: 26 


Executive COMMITTEE 
C. R. Apams, Chairman C. C. WiLcox, Vice-Chairman 
K. W. Knorr, Secretary-Treasurer 


ST. LOUIS 
Organized: 1909 
Territory: Radius of thirty miles from St. Louis, Mo. 
Place of Meeting: Place varies 
Local Organization: Engineers’ Club of St. Louis 
Number of Members: 193 


Executive CoMMITTEE 


‘R. M. Boyes 
Davip LARKIN 
A. J. LEUSSLER 


G. L. SHANKS, Chairman 
P. H. Buxton, Vice-Chairman 
E. H. Sacer, Secretary-Treasurer 


SAN FRANCISCO 
Organized: 1910 
Territory: All territory north of the northern boundaries of the 
counties of San Luis Obispo, Kern, and San Bernardino 
Place of Meeting: Exzineers’ Club, 206 Sansome St. 


— Meetings every Thursday at 12:00 noon at the Engineers’ 
Club 


Local Organization: San Francisco Engineers’ Club 
Number of Members: 332 


Executive COMMITTEE 


O. B. Lyman, Chairman C. V. Fincu 
R. L. GrurzMacHeErR, Vice-Chairman F. E. Russety 
K. B. ANDERSON, Secretary-Treasurer G. L. SULLIVAN 


F. W. Ex-Officio 


SAVANNAH 
Organized: 1923 
Territory: Radius of 125 miles from Savannah in Georgia 
Place of Meeting: Savannah Hotel 


Local Organization: Engineers’ Council of Savannah Chamber of 
Commerce 


Number of Members: 17 
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EXECUTIVE COMMITTEE 


W. H. ArtTLEY 
D. E. Kenor 
A. M. OrMonpD 


B. J. Sams, Chairman 
L. C. Roeset, Vice-Chairman 
T. R. Jones, Secretary-Treasurer 


SCHENECTADY 


Organized: As a Branch, 1919; as a Section, 1927 
Territory: Radius of thirty miles from Schenectady, N. Y. 
Place of Meeting: Edison Club Hall 

Number of Members: 153 


EXECUTIVE COMMITTEE 


B. O. BUCKLAND 
H. M. 

E. E. PARKER 
E. L. Rosprnson 


A. I. Lipetz, Honorary-Chairman 
J. E. ANDERSON, Chairman 

A. J. LARRECQ, Secretary 

J. K. SALispury, T'reasurer 


SOUTH TEXAS 
Organized: 1919 
Territory: South Texas and the northern part of the State not 
included in the North Texas Section territory 
Place of Meeting: Electric Bldg., Houston, Tex. 
Number of Members: 120 


COMMITTEE . 


W. B. Preston, Chairman J. H. Pounp 
B. E. SHort, Vice-Chairman F. D. Raum 

J. J. Kine, Secretary-Treasurer J. M. Ropertson 
W. T. ALLIGER W. W. Scorr 
D. D. ALTON W. B. Tortie 
F. G. D. MULLER R. M. WINGREN 

SUSQUEHANNA 
Organized: 1927 


Territory: Counties of Cumberland, Dauphine, Lebanon, Adams, 
York, and Lancaster 

Place of Meeting: Engineering Society of York 

Local Organization: Engineering Society of York and Engineers’ 
Society of Pennsylvania, Harrisburg, Pa. 

Number of Members: 75 


EXECUTIVE COMMITTEE 


ALFRED JONES, Chairman E. D. CiarkK 
C. G. A. Scumunt, Jr., Vice-Chairman A. BowMAN SNAVELY 
H. B. Martin, Secretary O. G. WHEaT 


SYRACUSE 
Organized: 1920 
Territory: Radius of thirty miles from Syracuse, N. Y. 
Place of Meeting: Ball Room of the Onondaga Hotel 
Local Organization: The Technology Club of Syracuse 
Number of Members: 76 


EXECUTIVE COMMITTEE 


E. W. ZIMMERMAN, Chairman D. W. DiIrrenporF 
M. B. Moyer, Vice-Chairman W. O. Huicpretu 
D. V. SHETLAND, Secretary-Treasurer R. C. Pau 


M. F. 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from Toledo, Ohio 

Place of Meeting: University Club, Toledo, Ohio 

Local Organization: Affiliated Technical Societies of Toledo 
Number of Members: 50 


EXeEcuTIvVE COMMITTEE 


J. R. Emery, Chairman 

E. L. MoBer, Vice-Chairman 

C. W. Kirson, Secretary-Treasurer 
H. W. Carter 


EpwarpD FARMER 
H. O. Hem 

H. H. Kerr 

C. R. Pomeroy 
E. W. WEAVER 
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TRI-CITIES 
Organized: 1920 
Territory: Radius of thirty miles from Moline, Ill. 
Place of Meeting: Rock Island, Ill., Moline, Ill., and Davenport, 
Towa 
Luncheon Meeting every Wednesday, Davenport Hotel, 12:00 Noon 
Number of Members: 68 


EXECUTIVE COM MITTEE 


R. M. Barnes, Chairman E. G. Erickson 
J. H. Vice-Chairman J. M. HartMANn 


C. A. Carson. Secretary-Treasurer W. P. Hunt 
UTAH 

Organized: 1923 

Territory: State of Utah 


Place of Meeting: University Club, Salt Lake City 
Local Organization: Utah Society of Engineers 
Number of Members: 33 


EXeCUTIVE COMMITTEE 


W. J. Cope 
E. W. Pace 
N. L. Stewart 


J. BILLETER, Chairman 
J. D. Roperts, Vice-Chairman 
W. D. Turpin, Secretary-Treasurer 


UTICA 
Organized: 1920 , 
Territory: Radius of thirty miles from Utica, N. Y. 
Local Organization: Mohawk Valley Technical Club 
Number of Members: 13 


EXECUTIVE COM MITTEE 


E. G. Munson. Chairman Rex WITHERBEE, Secretary-Treasurer 
W. J. CLEMENT 


VIRGINIA 
Organized: 1919 
Territory: State of Virginia 
Place of Meeting: Richmond, Norfolk, Charlottesville, Roanoke. 
University, Petersburg 
Local Organization: Central Virginia Engineers Club 
Number of Members: 122 


EXECUTIVE COM MITTEE 


E. B. Norris, Chairman J. B. JoNES 

A. F. Keane, Vice-Chairman E. F. Kroner 

J. B. Jones. Secretary E. W. MILLER 

N. W. Conner, Treasurer F. T. Morse 

C. H. Harris J. B. Woopwarp, Jr. 
WASHINGTON, D. C. 

Organized: 1919 


Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac Electric Power Co., 10th 
& E Sts., Washington, D. C. 

Number of Members: 189 


EXECUTIVE COMMITTEE 


J. G. ADAIR 
ANDREW T. Dupont 
H. G. THIELSCHER 


M. X. WILBEeRDING, Chairman 
J. Furton Fox, Vice-Chairman 
W. B. Enstncer, Secretary-Treasurer 
M. E. WESCHLER 


WATERBURY 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 81 


Executive COMMITTEE 


M. J. Dempsey 
R. L. PALATINE 
R. C. Perry 


A. L. Davis, Chairman 
L. G. Bean, Vice-Chairman 
Cc. W. Rusn. Secretary-Treasurer 
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WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, Franklin, Hampden 
and Hampshire 

Place of Meeting: 

Local Organization: 
chusetts 

Number of Members: 84 


Highland Hotel, Springfield, Mass. 
Engineering Society of Western Massa 


Executive CoM MI?TEE 


LESTER CAMPBELL 
J. C. Roprnson 


C. E. MAyNnarpb, Chairman 
D. W. WILLIAMSON, Vice-Chairman 
L. G. Cartton. Secretary-Treasurer 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of the Columbia River with 
the exception of the territory included in the thirty-mile 
radius of Portland, Ore. 

Place of Meeting: Engineers’ Club, Arctic Bldg., Seattle, Wash 

Local Organization: Seattle Engineers’ Club 

Luncheon Meetings daily at noon at Engineers’ Club, Seattle 
Wash. 

Number of Members: 91 


EXECUTIVE COM MITTEE 


BARTON CRUIKSHANK 
Wa. R. Gipson 

H. E. Peters 

E. O. Eastwoop, fivio 


R. L. Dyer, Chairman 

E. I. FLatesor, Vice-Chairman 
R. E. Water, Secretary-Treasurer 
D. F. BARTHOLET 


WEST VIRGINIA 


Organized: 1925 

Territory: State of West Virginia, South of Parallel 39 
Place of Meeting: Charleston, W. Va. 

Number of Members: 64 


EXECUTIVE COMMITTEE 


E. L. Hupson, Chairman L. D. Hayes 

J. F. Secretary-Treasurer J. H. JArcKER 

H. B. HIcKMAN, Assistant Secretary O. C. LANGE 

E. R. Hasicut R. E. 
WORCESTER 

Organized: 1915 

Territory: Radius of thirty miles from Worcester, Mass. 


Place of Meeting: Sanford Riley Hall, Worcester Poly. [ns 
Local Organization: Worcester Engineering Society 
Number of Members: 139 


Executive COM MITTEE 


R. Erickson, Chairman R. F. Gow 

C. P. Howarp, Vice-Chairman S. N. McCastty 
W. S. Snow, Secretary-Treasurer O. MULLER 

D. G. DowNING F. W. Roys 


E. R: SPAULDING 


YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahoning, and Columbiana © 
Ohio, and Mercer and Lawrence in Pennsylvania 
Place of Meeting: Central Y.M.C.A., Youngstown, Ohio 
Number of Members: 52 


EXECUTIVE COMMITTEE 


E. DAvENPOBT 
L. A. 


ERLING OYEN, Chairman 
G. WARREN, Vice-Chairman 
C. W. Foarp, Secretary-Treasurer 


F. Bowers H. W. SMITE 
J. L. Wick 


A. G. McHvuéE 
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Special Research Committees 


(Personnel of Standing Committees, p. RI-2) 


LUBRICATION 


Appointed October, 1915, to investigate the fundamental problems 
of lubrication, to formulate results of investigations pre- 
viously made, and to keep in touch with contemporary 

research in this field 


(Reorganized May, 1936) 


G. B. KARELITZ, Chairman 
S. J. Neeps, Secretary 


C. GENIESSE 
RAYMOND HASKELL 


A. L. BEALL M. D. Hersey 
OscaR BRIDGEMAN L. P. MICHAEL 
W. E. CAMPBELL G. L. NEELY 
HANS DAHLSTRAND B. L. NEWKIRK 
H. A. Everetr A. E. Norton 

\. E. FLowers J. F. Pettey 


E. WooLer 


FLUID METERS 


\ppointed 1916 to develop the theory of fluid meters of all kinds 
and to report on the best methods for their installation and use 


(Reorganized July, 1926) 


R. J. S. Pieorr, Chairman T. H. Kerr 

J. R. CARLTON, Secretary W.S. 

H. S. BEAN E. S. Smira, Jr 
S. R. BreirLer R. E. SPRENKLE 
R. K. BLANCHARD E. C. M. Stan 
W. W. FrYMOYER T. R. WeyMoutTH 


Lovis Gress M. J. Zucrow 


THERMAL PROPERTIES OF STEAM 


{ppointed in December, 1921, to direct research on the thermal 
properties of water-vapor and steam from 0 C to the upper 
limits of temperature and pressure 


(Reorganized April, 1929) 


G. L. Bourne, Chairman D. S. Jacospus 

W. L. Apsorr, Vice-Chairman J. H. Keenan 

H. N. Davis F. G. Keyes 

H. C. DicKINSON L. S. Marks 

ALEX Dow G. A. ORROK 

\. M. GREENE, JR. R. J. S. Preorr 

R. C. H. Heck H. V. RASMUSSEN 


E. L. Roprnson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigating factors affecting 
the strength and life of gear teeth 


R. E. FLANpeRS, Chairman A. M. GREENE, JR. 
C. H. Logur, Secretary C. W. Ham 

C. G. Bartu F. E. McMvuLiLen 
BUCKINGHAM W. MILLER 


ErNeEst WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying the problems of metal 
cutting, including tool materials, design, lubrication, 
cooling, and speeds and feeds 


COLEMAN SELLERS, 3p, Chairman O. W. Boston 

L. N. Guiick, Seeretary R. C. DEALE 

L. P. ALForp A. L. DeLeeuw 
MALCOLM F. JupKINS 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the status of the mechanical- 
spring art, to promote and conduct necessary and adequate 
research, and to develop the art to the point of 
standardization 


J. R. TOWNSEND, Chairman A. N. LUKENS 

C. T. Epaerton, Secretary D. J. McApam, JR. 

C. E. BARBA R. E. PETERSON 

W. G. BROMBACHER J. B. REYNOLDS 

R. W. Coox J. W. ROCKEFELLER, JR. 
W. T. DoNKIN B. W. St. CLarm 
RupeEN EKSERGIAN M. F. Sayre 


G. E. HANSEN KeitH WILLIAMS 

BENJAMIN LIEBOVITZ J. Kaye Woop 

Davip Lorts F. P. ZIMMERLI 
(R. D. Brizzovara,. Alternate) O. B. ZIMMERMAN 


ELEVATOR SAFETIES 


Appointed June, 1924, a8 a subcommittee of the Sectional Commit- 
tee on Safety Code for Elevators, to study the function and 
operation of elevator safeties and buffers and their as- 
sociated mechanisms and to develop methods of test 
for the approval of elevator safety devices 


D. J. Purtnton, Chairman 

O. P. CUMMINGS, Vice-Chairman M. G. Lioyp 

J. A. Dickinson, Secretary J. J. MaTson 

BASSETT JONES M. B. McLavuTHLin 
W. S. PAIne 


D. L. LinpqQuist 


EFFECT OF TEMPERATURE ON THE PROPERTIES OF 
METALS 


Appointed December, 1924, as a joint research committee of the 
AS.T.M. and the A.S.M.E. to encourage the investigation 
and accumulation of data on the properties of metals 
used in the mechanic arts at extremely high 
and low temperatures 


(Total personnel, 75) 


H. J. Frencu, Chairman H. W. 

N. L. Mocuet, Secretary H. J. Kerr 

R. H. ABorn H. W. Maack 

A. D. BAILry C. E. MacQuiee 
F. E. Basu D. J. McApam, Jr. 
R. A. BULL P. E. McKINney 
FE. S. Drxon E. L. Rosrnson 

F. B. A. E. 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research Committee of the 
American Boiler Manufacturers Association, American Rail- 
way Engineering Association, American Water Works 
Association, Edison Electric Institute, the American 
Society for Testing Materials, and the A.S.M.E., 
to study methods of analysis and treatment of 
boiler feedwater for stationary and 
railroad practice 


Executive Committee (Total personnel 42) 


C. H. Fettows, Chairman 
R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 
Epwarp Bartow 
+ A. G. CHRISTIE 
R. E. 
B. J. Cross 
Max Hecnt 


+ C. F. HirsHretp 
W. F. Keenan, 
F. N. Speier 
M. F. Stack 
E. H. TENNEY 
C. P. Van Gunpby 

+ A. E. Wurte 
ABEL WoLMAN 


CONDENSER TUBES 


Appointed May, 1925, to investigate and report on the causes of 
failure of tubes used in steam condensers and similar 
heat interchange apparatus 


A. E. Waite, Chairman C. F. 

Bert Hoventon, Vice-Chairman G. C. Hotper 

P. A. BANCEL H. W. Lerrcn 

D. K. Crampron E. F. MILier 

H. M. CusHIne W. B. Price 

R. E. DILLton M. F. Stack 

O. B. J. FRASER H. A. STAPLES 

J. R. FREEMAN, JR. W. R. WEBSTER 

V. M. Frost Drrecror, BUREAU OF ENGINEER- 
C. F. Harwoop me, U. 8S. Navy DEPARTMENT 


+ Official A.S.M.E. representatives serving on this committee. 
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BOILER FURNACE REFRACTORIES 


Appointed June, 1925, to determine the principal factors governing 
the failure of refractories in various types of installations, to 
subject these factors to detailed erperimental analysis, to 
undertake the formulation of suitability tests and, if 
necessary, to attempt to develop a suitable refrac- 
tory to meet the needs of severe service 


W. A. Carter, Chairman N. E. Lewis 

S. H. Barnum J.S. McDoweLi 

G. A. BoLe (F. A. Harvey, Alternate) 
M. C. Booze S. J. McDowELL 

W. H. FULWEILER Percy NICHOLAS 

C. B. Grapy S. M. PHELPs 

R. A. HEINDL E. B. PowELL 

C. F. HirsSHFELD R. A. SHERMAN 

O. P. Hoop R. B. SosMAN 

R. K. Hurs# L. J. Troste. 


G. B. WILKES 


WORM GEARS 


Appointed May, 1927, to investigate certain problems in connection 
with the action of worm gear drives and to recommend 
improvements in their design, manufacture, and use 


EarRLE BUCKINGHAM, Chairman A. A. Ross 


G. H. ACKER B. F. WATERMAN 
L. R. BUCKENDALE REPRESENTATIVE OF BUREAU 
W. H. Himes OF ENGINEERING, U.S. Navy 


D. L. LINDQUIST DEPARTMENT 


VELOCITY MEASUREMENT OF FLUID FLOW 


Appointed October, 1927, to sponsor the development of an abso- 
lute method for determining the velocity of the flow of 
fluids by means of the location of nodal points 
in wave systems 


W. F. Duranp, Chairman T. R. WeyMouTH 


MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the reconciliation of certain 
economic laws affecting production, to develop formulas 
for management, and to collect and report information 
on management research 


W. E. FREELAND, Chairman T. H. Brown 
F. E. Raymonp, Secretary R. C. Davis 
J. H. BARBER G. E. HaGeEMANN 


ABSORPTION OF RADIANT HEAT IN BOILER FURNACES 


Appointed April, 1928, to make a study of the absorption of radiant 
heat in boiler furnaces with the purpose of developing 
recommendations on improved furnace design 


W. J. WouHLENBERG, Chairman E. L. LInpsetH 


E. G. BAILey G. A. OrrokK 
R. M. Gates R. J. S. Pigott 
C. W. Gorpon JoHN VAN Brunt 


HEAVY DUTY ANTI-FRICTION BEARINGS 


Appointed March, 1929, to investigate the possibilities and limita- 
tions of anti-friction bearings when applied to roll necks 
of rolling mills 


W. R. CLarK 
H. H. Tatsor 
S. M. WeckKstTEIN 


W. Trinxks, Chairman 
J. H. Hitrcucock, Secretary 
H. E. BRUNNER 
H. A. WINNE 


REMOVAL OF ASH AS MOLTEN SLAG FROM 
POWDERED-COAL FURNACES 


Appointed March, 1929, to investigate the adding of fluxes as a 
means of increasing the fluidity of slag in boiler furnaces 
and thus permit its removal at operating furnace 
temperatures 


C. F. HirsHre.p 
Percy NICHOLLS 
E. B. Powe. 

P. B. Rice 


K. M. Irwin, Chairman 
ANDREW CARNEGIE 

T. G. CoGHLAN 

H. M. CusHInG 


STRENGTH OF VESSELS UNDER EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable design data on the 
strength of cylindrical and spherical surfaces under 
external pressure, particularly with reference to 
jacketed vessels 


CARL R1GgpoN 
H. E. SAUNDERS 
Kk. E. SHANOR 
J. H. TAYLOR 
(F.S.G. Alternate) 
D. B. Wesstrom 
D. F. WInDENBURG 


W. D. Chairman 
THOMAS GRISWOLD, JR. 

F. V. HARTMAN 

M. B. 

T. McL. JASPER 

A. W. Limont, Jr. 


AUTOMATIC OIL PIPE LINE PUMPING STATIONS 


Authorized March, 1930, to develop methods of automatic control 
for oil pipe line pumping stations 


J. M. MoGregor 

J. B. McManon 

R. L. 
O. L. OLSEN 
WILLIAM PARKERSON 


W. G. Chairman 

J. N. Hunter, Vice-Chairman 
T. D. WILLIAMSON, Secretary 
W.S. Baveu 

W. C. 


W. H. Evvior W. R. REED 
J. B. Forp F. A. STIvers 
L. T. Gress W. H. STvueve 


Frep THILENIUS 
J. B. Tuomas 

F. E. WARTERFIELD 
Oscar WoLr 


F. A. GRAHAM 

C. F. Guinn 

A. N. Horne 

J. K. McGotprick 


WIRE ROPE 


Approved by Council January, 1931, to investigate existing 
rope so that it may be better understood and more 
effectively used 


A. H. McDovuGat. 

B. V. E. Jr 
W. S. PAINE 

W. J. RYAN 

TEORGE SIMPSON 


W. H. Futweter, Chairman 
H. LeR. Brink 
D. L. 
G. W. Martin 
C. A. McCune 
L. E. Youne 


PRIME MOVERS FOR ROTARY DRILLING OF OIL WELLS 


Approved by Council January, 1931, to investigate existing 
types of prime movers used for rotary drilling of oil wells 
as to their relative efficiencies, costs of operation, 
and general satisfaction 


D. L. Trax, Chairman 
RAYMOND CARR 


W. H. Carson 
R. R. Hawkins 
H. W. MANLEY 


CRITICAL PRESSURE STEAM BOILERS 


Appointed June, 1981, to study the characteristics of high-pressuré 
forced-circulation steam-generating units 


C. H. 
H. J. Kerr 


A. A. Porter, Chairman 
W. H. ArMacost 


A. D. BaILey M. W. LINK 

E. G. BAILEY G. A. Orrok 

A. G. CHRISTIE H. L. So.pere 
F. S. Crark P. W. THompsos 


SAMPLING PULVERIZED FUEL IN A MOVING GAS 
STREAM 


Appointed November, 1932, to investigate the present methods % ,— 


sampling pulverized fuel and to evolve a generally satis- 
factory method that may be adopted as a standard 
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K. M. Irwin, Chairman 
M. Greson, Secretary H. J. Kiorz 

Joun BLIZARD HENRY KREISINGER 
OLLISON CRAIG J. W. MacKenzie 
M. D. ENGLE W.S. Morrison 


J. C. Harpiee 


C, S. GLADDEN r. B. RANDALL 
A. FE. GRUNERT R. C. Roe 
R. M. HARDGROVE E. H. TENNEY 


COTTON SEED PROCESSING 


Appointed December, 1982, to study the mechanical problems 
involved in storing, conditioning, and cooking 
cotton seed meats 


W. R. Chairman 
Homer BARNES 
E. L. CARPENTER 


C. E. GARNER 
B. J. Sams 
R. B. Taytor 


A.S.M.E. Representatives on Other Research Committees 


A.S.M.E. Representatives on Other Activities, 
page RI-29 


Nee also 


CORROSION COMMITTEE 
American Society of Refrigerating Engineers 
(To be appointed) 
FATIGUE PHENOMENA OF METALS 
American Society for Testing Materials 
W. R. Wesster 
HEAT-TREATMENT OF ROCK DRILL STEELS 
Advisory Roard of the Bureau of Standards and Bureau of Mines 
(To be appointed) 
HIGHWAY RESEARCH 
Advisory Board of National Research Council 
J. G. BereQuist 
NATIONAL COMMITTEE ON WOOD UTILIZATION 
Department of Commerce, National Bureau of Standards 
A. E. HALL 
NON-FERROUS METALS AND ALLOYS 
Advisory Committee to the National Bureau of Standards 


C. H. Brersaum 


PROPERTIES OF REFRACTORY MATERIALS 


Advisory Committee to the National Bureau of Standards 
E. B. 
WATER FOR INDUSTRIAL USES 


American Society for Testing Materials 
G. D. BEARCE 


Standardization Technical Committees 
(Personnel of Standing Committee, p. RI-2) 


STANDARDIZATION AND UNIFICATION OF SCREW 
THREADS (B-1) 


“Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee originally organized in June, 1921. 
Reorganized in February, 1929 


_ A.S.M.E. Members (Total personnel, 41) 
* Note: All of the Standards Committees for which the Society 


is Sponsor or Joint Sponsor are organized under the procedure of 
the American Standards Association. 


t R. E. FLANverRS, Chairman C. G. HotmsBere 
EARLE BUCKINGHAM, Secretary + A. M. Houser 
E. J. BRYANT H. C. E. Meyer 
G. S. Case +P. V. 
T. G. CRAWFoRD R. H. Perry 


O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Scope, Arrangement and Editing of American National 
Standard, R. E. FLANbDERS 

No. 2 on Terminology and Thread Specifications, Except Gages, 
C. W. Betrcner 

No. 3 on Special Threads and Twelve Pitch Series, Except Gages. 

No. 4 on Acme and Other Similar Threads, Except Gages, E. 
BUCKINGHAM 

No. 5 on Screw Thread Gages and Inspection, G. S. Case 

No. 7 on Wood Screws, A. Boor 


PIPE THREADS (B-2) 


* Joint sponsorship with the American Gas Association. Sectional 
Committee reorganized May, 1927 


A.S.M.E. Members (Total personnel, 48) 


A. S. MILter, Chairman J. O. JOHNSON 
A. F. BREITENSTEIN W. R. Kremer 
E. J. Bryant P. V. 
E. S. CorNELL, JR. F. H. Moreneap 
J. J. Crotry W. C. Morris 
A. P. DENTON S. F. NeEwMAnN 
J. J. HARMAN E. S. SANDERSON 
+ A. M. Houser L. N. SHANNON 
B. Hower W. D. Sizer 


A. H. JARECKI J. H. 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Editing and Gaging, A. M. Houser 

No. 2 on Taper Pipe Threads, S. B. Terry 

No. 3 on Straight Pipe Threads, A. S. MILLER 

No. 4 on Plumbers’ Threads, A. F. BREITENSTEIN 

No. 5 on Screw Threads for Rigid Steel Conduit, James Barton 
No. 6 on Special Threads for Thin Tubes, C. C. WINTER 


BALL AND ROLLER BEARINGS (B-3) 


* Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized December, 1920 


A.S.M.E. Members (Total personnel, 19) 
+ W. P. Kennepy, Vice-Chairman + G. E. Hutse 


+G. R. Borr L. F. NENNINGER 
L. A. CUMMINGS + A. E. Norton 
F. G. Hugues ERNEST WOOLER 


SUBCOMMITTEE CHAIRMAN 
Annular Ball Bearing, G. R. Bort 


ALLOWANCES AND TOLERANCES FOR CYLINDRICAL 
PARTS AND LIMIT GAGES (B-4) 


* Sole sponsorship. Séctional Committee originally organized in 
June, 1920. Reorganized in September, 1930 


A.S.M.E. Members (Total personnel, 49) 


F. E. BANFIELD, JR. 
(E. E. BiaKke, Alternate) 
F. S. BLacKALL, Jr. 
E. J. Bryant 
+ EaRLE BUCKINGHAM 
+ F. H. Cotvin 
R. E. W. Harrison 
F. O. HoaGLanp 


N. E. Jacost 
WILLIAM JETTER 
H. C. E. Meyer 
P. V. MILier 
W. C. MUELLER 

+ E. C. Peck 
W. C. ScHOENFELDT 
C. C. STeveNS 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMAN 


No. 1 on Tolerance Systems, R. E. W. Harrison 


t Official A.S.M.E. representatives serving on this committee. 
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SMALL TOOLS AND MACHINE TOOL ELEMENTS (B-5) 


* Joint sponsorship with the National Machine Tool Builders As- 
sociation and the Society of Automotive iggy oat Sectional 
Committee organized September, 1922 


A.S.M.E. Members (Total personnel, 26) 
C. W. Spicer, Chairman S. A. EINSTEIN 
F. O. HoaGLann, Vice-Chairman +H. E. Harris 
J. B. ARMITAGE JoHN Haypock 
F. S. BLACKALL, JR J. E. Lovey 


O. W. Boston +Srmon MacKay 


E. J. BRYANT + W. C. MUELLER 
Earte BucKINGHAM + E. R. Norris 
+ F. H. Corvin Erik OBERG 


TECHNICAL COMMITTEE No. 1 on T-Siots 


A.S.M.E. Members (Total personnel, 11) 


HERMAN CASLER 
S. A. EINstTeIN 
R. T. Haze_ton 
+F. O. Hoagianp 


Erik Oserc, Chairman 
J. B. ARMITAGE 
E. P. 
+ Harry CADWALLADER, JR. 
+ E. R. Norris 


TECHNICAL COMMITTEE No. 2 oN Toot Posts AND SHANKS 
A.S.M.E. Members (Total personnel, 9) 
O. W. Boston, Chairman + GRANGER DAVENPORT 
F. 8. BLAcKALL, JR. M. E. LANGE 


TECHNICAL COMMITTEE No. 3 ON MACHINE TAPERS 


AS.M.E. Members (Total personnel, 21) 


. BLACKALL, JR., Chairman H. E. Harris 
. ARMITAGE + F. O. Hoagianp 
. BRYANT J. H. Horgan 


E BUCKINGHAM A. H. Lyon 


. COLVIN L. F. NENNINGER 
. DILLARD E. J. PRINDLE 
. GRAVES C. W. Spicer 


SUBGROUP CHAIRMEN 
Taper Series, F. S. WALTERS 


Steep Taper Series, W. A. TImMM 
Dimensions, Tolerances and Gages, A. H. Lyon 


TECHNICAL COMMITTEE No. 4 ON SPINDLE NOSES AND COLLETS 
FOR MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 26) 


J. E. Lovety, Chairman A. M. JoHNSON 
L. F. NENNINGER, Secretary M. E. LANGE 
J. B. ARMITAGE A. H. Lyon 
B. P. GRAVES J. H. MANSFIELD 
F. O. H. W. Ruppert 
L. D. SPENCE 
SUBGROUP CHAIRMEN 
No. 1 on Milling Machines, Small and Medium, J. B. ARMITAGE 
No. 2 on Large Milling Machines, A. H. Lyon 
No. 3 on Grinding Machine Spindles, H. J. Grirrine 
No. 4 on Cutting Off Machines, W. H. Wetcn 
No. 5 on Drilling Machines and Horizontal Boring Machines, 


W. A. Timm 

No. 6 on Turning Machines, Including Automatic Screw Machines, 
Lathes, Automatic Lathes, Turret Lathes, and Automatic 
Chucking Machines, J. E. Lovety 

No. 7 on Cutting and Hobbing Machines, A. L. Stewart 

No. 8 on Correlation of Counter Proposals for Spindle Noses, 
J. E. Lovety 


TECHNICAL COMMITTEE No. 5 ON MILLING CUTTERS 


A.S.M.E. Members (Total personnel, 21) 


AS.M.E. SOCIETY RECORDS, PART 1 


. B. ARMITAGE E. K. Moroan 
N. GopparpD + Errk 
J. H. Horgan C. J. Oxrorp 


G. L. MARKLAND, JR. E. D. Vane 


SUBGROUP CHAIRMEN 


No. 1 on Profile Cutters, E. C. Vanem 
No. 2 on Keyways, J. B. ARMITAGE 

No. 3 on Nomenclature, A. C. DANEKIND 
No. 4 on Limits, J. H. Horigéan 
No. 5 on Formed Cutters, H. C. 
No. 6 on Hobs 

No. 7 on Inserted Tooth Cutters, J. B. ARMITAGE 


HUNGERFORD 


TECHNICAL COMMITTEE No. 6 ON DESIGNATIONS AND WorKINe 
RANGES OF MACHINE TOOLS 


A.S.M.E. 


JOHN Haypock, Chairman 
EARLE BUCKINGHAM 
T. H. Doan, Jr. E. R. 


Members (Total personnel, 19) 


B. P. Graves 
J. J. 


TECHNICAL COMMITTEE No. 7 ON Twist Sizes 
A.S.M.E. Members (Total personnel, 7) 
J. H. Hortcay 


MUELLER, Chairman 
C. W. 


WwW. 
SPICER 
TECHNICAL COMMITTEE No. 8 oN Jig BUSHINGS 


A.S.M.E. Members (Total personnel, 8) 


C. MUELLER 


C. R. ALpeN, Secretary W. 
J. Oxrorp 


J. H. Horiean C. 
H. E. 


SUBGROUP CHAIRMAN 


Liner Outer Diameters and Tolerances, W. C. MUELLER 


TECHNICAL COMMITTEE No. 9 ON PUNCH Press Toots 
S.M.E. Members (Total personnel, 16) 


D. H. CHASON H. E. Harris 
N. W. DorMAN W. C. MUELLER 
H. E. Wetts 


TECHNICAL COMMITTEE No. 10 on CrrcuLar FormMine Too.s 
AND HOLDERS 


A.S.M.E. Members (Total personnel, 9) 
W. C. MUELLER, Chairman L. D. Spence 
WILLIAM HARTMAN H. E. WEL 
TECHNICAL COMMITTEE No. 11 ON CHUCKS AND CHUCK JAWS 


A.S.M.E. Member (Total personnel, 9) 
J. E. Lovety, Chairman 


SUBGROUP CHAIRMAN 


No. 1 on Master Chuck Jaws, J. E. Lovety 
No. 2 on Adapters for Air Cylinders, J. E. Lovety 


TECHNICAL COMMITTEE No. 12 ON AND GrouND THREAD 


A.S.M.E. Member (Total personnel, 7) 
W. C. MUELLER 


TECHNICAL COMMITTEE No. 13 ON SPLINES AND SPLINED Nuarté 


A.S.M.E. Members (Total personnel, 15) 


C. W. Spicer, Chairman R. E. 
J. B. ARMITAGE F. O. HoaGianp 
W. F. Groene J. E. Lovety 


B. F. WATERMAN 


W. Harrisos 
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SUBGROUP CHAIRMEN 


Machine Tool Splines, R. E. W. Harrison 
Automotive Splines, W. L. Barru 
Involute Splines, P. L. TENNEY 


TECHNICAL COMMITTEE No. 14 ON ELecrric WeELpING DIES AND 
Evecrrope HoLpers 
A.S.M.E. Members (Total personnel, 14) 


R. B. LINCOLN N. McD. Lonry 


TECHNICAL COMMITTEE No. 16 ON Roratine Toot SHANKS 
A.S.M.E. Members (Total personnel, 20) 


E. W. Howe 
W. C. MUELLER 
C. J. Oxrorp 


E. J. Bryant, Chairman 
J. H. Hortean, Secretary 
J. B. 
H. E. 


TECHNICAL COMMITTEE No. 17 ON NOMENCLATURE FOR SMALL 
Toots AND MACHINE ELEMENTS 


A.S.M.E. Members (Total personnel, 15) 


O. W. Boston, Chairman F. H. Corvin 
F. S. BLAcKALL, JR. H. E. Harris 
F. O. HOAGLAND 
Evr-Officio Members 
C. R. ALDEN C. J. Oxrorp 


B. P. Graves 
A. N. Gopparp 


C. W. Spicer 
H. E. WELLS 


TECHNICAL CoMMITTEE No. 18 ON MULTIPLE SPINDLE 
Dritting Heaps 


A.S.M.E. Member (Total personnel, 9) 
H. E. 


TECHNICAL COMMITTEE No. 19 ON SINGLE Point Toois 
A.S.M.E. Members (Total personnel, 2 


F. H. Cotvin, Chairman O. W. Boston, Secretary 


TECHNICAL COMMITTEE No. 20 ON REAMERS 


(Committee being formed) 


GEARS (B-6) 


* Joint sponsorship with the American Gear Manufacturers 
Association. 
Sectional Committee organized June, 1921 


A.S.M.E. Members (Total personnel, 32) 


B. F. WaTerMAN, Chairman C. B. HAMILTON, JR. 
+t Earte BucKINGHAM, Vice-Chairman D. T. HAMILTON 
G. H. ACKER +O. A. LEUTWILER 
L. H. Fry G. L. MARKLAND, JR. 
H. E. VEHSLAGE 


SUBCOM MITTEE CHAIRMEN 


1 on Program, B. F. WATERMAN 
2 on Editing Reports, B. F. WATERMAN 
No. 3 on Nomenclature, D. T. HAMILTON 
‘o. 4 on Tooth Form (Spur Gears), U. S. EBerHarpt 
No. 5 on Helical Gears, W. P. ScHMITTER 
No. 6 on Worm Gears, T. R. Ripeout 
No. 7 on Bevel Gears, F. E. McCMULLEN 
No. 8 on Materials, C. B. HAMILTON, JR. 
No. 9 on Inspection, J. P. BREUER 
No. 10 on Horse Power Rating, E. BucKINGHAM 
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PIPE FLANGES AND FITTINGS (B-16) 


* Joint sponsorship with the Heating, Piping, and Air Condition- 
ing Contractors National Association and the Manufacturers 
Standardization Society of the Valve and Fittings 
Industry. Sectional Committee organized 
October, 1921 


A.S.M.E. Members (Total personnel, 55) 


+ C. P. Biiss, Chairman L. H. JeENKs 
J. J. HARMAN, Secretary JOHN KNICKERBACKER 
+ LESTER BENOIT M. B. 
A. L. Brown F. H. Moreneap 
W. R. Conarp + E. L. Moretanp 
SABIN CROCKER + W. S. Morrison 
FERDINAND FINK L. S. Morse 
H. E. HAtier A. L. PENNIMAN, JR 
J. S. Hess WALTER SAMANS 
FRANCIS HopGKINSON + J. R. TANNER 
+ H. A. Horrer J. H. TAYtor 
A. M. Houser H. L. 
D. S. Jacogus G. W. Watts 
J. H. WILLiAMs 


SUBCOMMITTEE CHAIRMEN 


1 on Cast Tron Flanges and Flanged Fittings. A. M. Houser 
No. 2 on Screwed Fittings, F. H. Morenrap 
No. 3 on Steel Flanges and Flanged Fittings. C. P. Briiss 
No. 4 on Materials and Stresses, A. M. Houser 
No. 5 on Face to Face Dimensions of Ferrous Flanged Valves, 
J. R. TANNER 
No. 6 on Malleable Iron or Steel Brass Seat Unions, C. P. Briss 
No. 7 on Rating of Pipe Fittings, H. C. Heaton 
No. 8 on Marking of Pipe Fittings, W. S. Morrison 
Yo. 9 on Port Openings, W. W. Huspparp 
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SHAFTING (B-17) 


* Sole sponsorship. Organized October, 1918 


A.S.M.E. Members (Total personnel, 15) 


tC. M. CHAPMAN, Chairman L. C. Morrow 
+A. A. ADLER C. W. Spicer 
E. E. Greve + G. N. Van DerHOEF 


H. C. E. Meyer +L. W. WiLirams 


SUBCOMMITTEE CHAIRMEN 


on Shafting Dimensions, L. W. WILLIAMS 

on Stock Key Sizes 

on Code for Design of Transmission Shafting 
on Taper Keys, J. E. BUSHNELL 

on Woodruff Keys, L. C. Morrow 
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BOLT, NUT AND RIVET PROPORTIONS (B-18) 


* Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1922 


A.S.M.E. Members (Total personnel, 57) 


H. P. FReEAR 
HERMAN KOESTER 
S. F. NEwMAN 
R. J. WHELAN 
E. M. WHITING 
V. R. WILLouGHBY 
(J. J. McBrine, Alternate) 
O. B. ZIMMERMAN 


t+ A. E. Norton, Chairman 
H. E. ALprRicu 
F. C. 
B. G. BRAINE 
(D. L. Brarne, Alternate) 
ELLWoop BuRDSALL 
G. S. Case 
T. G. CRAWFORD 


SUBCOMMITTEE CHAIRMEN 


1 on Large and Small Rivets, E. L. Cocoranr 
No. 2 on Wrench Head Bolts and Nuts, T. D. Ruppock 
No. 3 on Slotted Head Proportions, E. W. Reep 
No. 4 on Track Bolts and Nuts, C. W. Squier 
No. 5 on Round Unslotted Head Bolts (Carriage Bolts) 
No. 6 on Plow Bolts, O. B. ZIMMERMAN 
No. 7 on Body Dimensions and Materials 
No. 8 on Nomenclature, G. S. Case 
No. 9 on Socket Head Cap and Set Screws, H. Korster 
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PLAIN AND LOCK WASHERS (B-27) 


* Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized August, 1925 


A.S.M.E. Members (Total personnel, 40) 


J. J. McBrive 
H. C. E. Meyer 
E. H. WarING 
E. M. 


EvuGENE CALDWELL 
T. G. CRAWFORD 
+ B. S. Lewis 
C. H. 
O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plain Washers 
No. 2 on Lock Washers, C. H. LouTREL 


TRANSMISSION CHAINS AND SPROCKETS (B-29) 


* Joint sponsorship with the Society of Automotive Engineers and 
the American Gear Manufacturers Association. Sectional 
Committee organized September, 1917. Reorganized 
December, 1926 


A.S.M.E. Members (Total personnel, 15) 


+ F. V. Herzer, Chairman + E. B. NicHois 
W. J. BELCHER D. B. Perry 
JOSEPH JOY G. A. Youne 

+L. V. Lupy O. B. ZIMMERMAN 


CODE FOR PRESSURE PIPING (B-31) 
* Sole sponsorship. Sectional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 89) 


E. B. Ricketts, Chairman G. W. MARTIN 

R. E. Bryant H. C. E. MEYER 

G. S. Corrin J. W. Moore 

H. C. Cooper F. H. MoreHeap 

SABIN CROCKER H. H. Morgan 
(J. H. Waker, Alternate) W. S. Morrison 

H. D. Epwarps A. W. MouLperR 


C. A. EL.is E. W. Norris 
CHARLES FITZGERALD G. A. OrrokK 
W. M. GRAFF A. L. PENNIMAN, JR. 
O. S. HAGERMAN. + C. S. Rosprnson 
H. E. G. W. SAATHOFF 
J. J. HARMAN G. K. SAURWEIN 
J. S. Have H. S. Smirn 
(E. B. Severs, Alternate) (H. H. Moss, Alternate) 

J. S. Hess F. N. SPELLER 
H. A. Horrer C. G. SPENCER 
G. G. J. R. TANNER 

+A. M. Houser J. H. VANCE 

+ ALFRED IDDLES H. L. WHITTEMORE 
J. H. LAWRENCE J. H. 
Epwarp LENZ T. F. WoLFe 
M. B. MAcNEILLE G. H. Wooprorre 


SUBCOMMITTEE CHAIRMEN 


on Fabrication Details, C. G. SPENCER 
on Code for District Heating Piping, D. 8S. Boypen 


No. 1 on Plan and Scope and Editing, Sanrn Crocker 
No. 2 on Power Piping, J. H. LAWRENCE 
No. 3 on Hydraulic Piping 
No. 4 on Gas and Air Piping, ALFRED IppLEs 
No. 5 on Refrigerating Piping, A. H. BAER 
No. 6 on Oil Piping 
No. 7 on Piping Materials and Identification 
. 9 


WIRE AND SHEET METAL GAGING SYSTEMS (B-32) 


* Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized November, 1927 


A.S.M.E. Members (Total personnel, 28) 


+ F. W. HoLianp J. F. Howe 
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SUBCOM MITTEE CHAIRMEN 


No. 1 on Flat Stocks 
No. 2 on Wires and Rods, E. E. Rose 
No. 3 on Tvbing, Piping, Conduit and Casing, F. H. NULLMEYER 


SCREW THREADS FOR HOSE COUPLINGS (B-33) i 
* Sole sponsorship. Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 28) 


A. L. Brown, Secretary 
+ A. F. BreITrENSTEIN 

W. L. Curtiss 
tW. E. DuNHAM 


J. J. HARMAN 

(F. C. Ernst, Alternate) 
A. M. Houser 
H. C. E. Meyer : 
J. H. 


SUBCOMMITTEE CHAIRMEN 


No. 1 to Draft Recommended Specifications, J. H. HowLanp 
No. 2 on Basic Thread Dimensions, D. R. MILLer 


WROUGHT IRON AND WROUGHT STEEL PIPE AND 
TUBING (B-36) 


* Joint sponsorship with the American Society for Testing Ma- 
terials. Sectional Committee organized April, 1928 
A.S.M.E. Members (Total personnel, 45) 


H. H. Morean, Chairman 
SABIN Crocker, Secretary 
H. E. ALpricu 


F. H. Moreneap 

C. W. Mowry 
+ H. B. Oatley 

J. B. ASTON A. L. PENNIMAN, JR. 

L. D. Burritt (A. B. Morgan, Alternate 
+ A. M. Houser F. N. SpPELLER 
+ D. S. Jacosus J. R. TANNER 

+ (F. S. CLarK, Alternate) A. E. WHITE 

H. C. E. Meyer H. LeR. WHirney 

G. H. Wooprorre i 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan, Scope and Editing, H. H. Morgan ; 

No. 2 on Pipe and Tubing for Low Temperature Service, J. J. | 
SHUMAN 

No. 3 on Pipe and Tubing for High Temperature Service, J. R 
TANNER 

No. 4 on Materials, F. H. Moreneap 


PRESSURE AND VACUUM GAGES (B-40) 
* Sole sponsorship. Sectional Committee organized July, 1930 ie 
A.S.M.E. Members (Total personnel 46) 


M. D. ENGLE, Chairman R. J. 

+ A. W. Secretary + J. C. McCune 
E. J. Bryant A. H. More@an 

+ J. P. CAVANAUGH +8. A. Moss 
PAUL DISERENS H. B. ReyNowps 
W. F. Jones C. Z. RosSeNcRANS 


W. C. ScCHOENFELDT 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope, M. D. ENGLE 

No. 2 on Definitions, C. F. Schwere 

No. 3 on Gage Sizes and Mounting Dimensions, H. B. ReyNowps 
No. 4 on Accuracy and Test Methods, O. J. Hopge 


STOCK SIZES, SHAPES AND LENGTHS FOR HOT AND 
COLD FINISHED IRON AND STEEL BARS (B-41) 
* Sole sponsorship. Sectional Committee organized April, 19% 
A.S.M.E. Members (Total personnel, 27) 4 


J. B. Aston W. Wrasse 
F. H. DecHANT G. H. Wooprorft 
O. B. ZIMMERMAN f 
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SUBCOMMITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel, H. Wysor 
No. 2 on Cold Finished Steels, L. E. CreigHtTon 
No. 3 on Hot Rolled Iron, G. H. Wooprorre 


SPECIFICATIONS FOR LEATHER BELTING (B-42) 


* Sole sponsorship. Sectional Committee organized February, 1931 
A.S.M.E. Members (Total personnel, 27) 


H. T. Coates 
+R. W. DRAKE 
Kina HATHAWAY 


G. A. SCHTEREN 
+C. O. STREETER 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Standard Specifications, R. C. BowKeEr 
No. 2 on Recommendations for Selection, Care and Installation, 
G. A. SCHIEREN 


MACHINE PINS (B-43) 


* Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized, March, 1926 


A.S.M.E. Members (Total personnel, 18) 


J. J. McBripe 


+M. E. Sreczynski, Chairman 
t H. C. E. Meyer 


E. J. Bryant 
O. B. ZIMMERMAN 


SUBCOM MITTEES 


No. 1 on Straight, Taper and Dowel Pins 
No. 2 on Split Pins 


FOUNDRY EQUIPMENT AND SUPPLIES (B-45) 


* Joint sponsorship with the American Foundrymen’s Association. 
Sectional Committee organized February, 1931 


A.S.M.E. Members (Total personnel, 25) 


G. F. Jenks 
A. S. PHELPS 

tH. P. Van CLeve 
O. B. ZIMMERMAN 


E. S. CarMANn, Chairman 
E. W. Ety 
F. W. HERENDEEN 
(F. B. Howe Alternate) 


SUBCOMMITTEE CHAIRMEN 


No. 1, L. M. SHERWIN 
No. 2, E. 8S. 
No. 3, A. S. PHetps 


CLASSIFICATION AND DESIGNATION OF SURFACE 
QUALITIES (B-46) 


“Joint sponsorship with the Society of Automotive Engineers. 


Sectional Committee organized May, 1932 


A.S.M.E. Members (Total personnel, 62) 


E. J. Bryant F. O. 
JOHN CETRULE H. J. 
T. G. CRawrorp R. T. Kent 
+R. C. A. H. Lyon 
U. S. Epernarptr M. J. Reep 
S. A. Ernsrern F. C. SPeNcER 
R. Gaea C. C. Stevens 
J. J. Harman J. S. TAWRESEY 
+R. E. W. Harrison J. R. WEAVER 
F. V. HartMan C. H. WHITAKER 


ERNEST WOOLER 


RI-23 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Surfaces Produced by Tools and Abrasives, J. CETRULE 

No. 2 on Surfaces Produced by Molds, Dies, Rolls or Any Other 
Means of Deforming Materials 

No. 3 on Coated Surfaces, G. B. Hogasoom 

No. 4 on Symbols for Indicating Surface Quality on Drawings, 
T. G. CRAWFoRD 

No. 5 on Ways, Means and Apparatus for Measuring Quality 
of Surface, J. R. WEAVER 

No. 6 on Finance, R. E. W. Harrison 


COMBUSTION SPACE FOR SOLID FUELS (B-50) 
* Sole sponsorship. Sectional Committee organized June, 1933 
A.S.M.E. Members (Total personnel, 21) 


+ V. G. Leacn 
T. A. MarsH 
J. F. McIntire 
R. H. RowLanp 


C. E. Bronson, Chairman 
W. G. CHRISTY 
JOHN HUNTER 
A. J. JOHNSON 
+ JoHN Van Brunt 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. Bronson 
No. 2 on Combustion and Design, T. A. MarsH 
No. 3 on Warm Air Furnaces 

No. 4 on Steel Heating Boilers, W. B. Russety 
No. 5 on Cast Iron Boilers, J. F. McINTIRE 


SCHEME FOR IDENTIFICATION OF PIPING SYSTEMS 
(A-13) 


* Joint sponsorship with the National Safety Council. Sectional 
Committee organized June, 1922 


A.S.M.E. Members (Total personnel, 37) 


W. L. BUNKER A. K. OHMES 
Crossy FIELp A. L. PENNIMAN, JR. 
WILLIS LAWRENCE H. 8S. 


+ W. S. Morrison F. N. SPELLER 


SUBCOMMITTEE CHAIRMEN 


Identification by Colors, F. P. INGALts 
Classification, C. 
Identification Markings Other Than Color, W. S. Morrison 


MINIMUM REQUIREMENTS FOR PLUMBING AND STAND- 
ARDIZATION OF PLUMBING EQUIPMENT (A-40) 


* Joint sponsorship with the American Society of Sanitary En- 
gineering. Sectional Committee organized August, 1928 


A.S.M.E. Members (Total personnel, 47) 


J. J. Crorry A. M. Houser 

J. F. CARNEY G. W. Martin 

O. E. (A. H. Morgan, Alternate) 
+ W. R. WEBSTER 2 

SUBCOMMITTEE CHAIRMEN 

No. 1 on Minimum Requirements for Plumbing, W. C. GroENIGER 

No. 2 on Staple Vitreous China Plumbing Fixtures, E. 8S. Arrkrn 

No. 3 on Staple Porcelain (All Clay) Plumbing Equipment, E. 8. 

No. 4 on Enameled Sanitary Ware, A. H. Cire, Jr. 

No. 5 on Traps, A. R. McGoNneeaL 

No. 6 on Brass Plumbing Products, J. L. Murpny 

No. 7 on Brass Fittings for Flared Copper Tubes, F. L. Rieein 

No. 8 on Cast Iron Soil Pipe and Fittings, J. J. Crorry 

No. 9 on Gasoline, Oil and Grease Separators, J. J. Crorry 


No. 10 on Threaded Cast Iron Pipe and Fittings for Drainage 
and Pressure Purposes 
No. 11 on Soldered Fittings for Tubing, A. M. Houser 
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ELECTRIC MOTOR FRAME DIMENSIONS (C-28) 


* Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized November, 1927 


A.S.M.E. Members (Total personnel, 32) 


C. A. ADAMS W. F. JoNEs 

S. A. EINSTEIN A. L. McHueu 
E. W. Ey P. G. RHoaps 
F. S. ENGLISH +A. G. TRUMBULL 


+E. H. Warrne 


ROLLED THREADS FOR SCREW SHELLS OF ELECTRIC 
SOCKETS AND LAMP BASES (C-44) 


* Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized March, 1929 


A.S.M.E. Members (Total personnel, 18) 


+E. J. BRYANT A. B. Morean 
+ EarLE BUCKINGHAM +E. S. SANDERSON 


LETTER SYMBOLS AND ABBREVIATIONS FOR SCIENCE 
AND ENGINEERING (Z-10) 


* Joint sponsorship with the A.A.A.S., A.I.E.E., A.S.C.E., S.P.E 
Sectional Committee organized January, 1926. Reorganized 
October, 1935 


A.S.M.E. Members (Total personnel, 36) 


S. A. Moss, Vice-Chairman K. H. Conpir 
R. M. ANDERSON +R. J. S. Preorr 
E. P. Warner, Alternate +S. R. Berrrer, Alternate 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Letter Symbols and Signs for Mathematics, A. A. 
BENNETT 

No. 2 on Symbols for Physics and Mechanics, R. E. Peterson 
3 on Symbols for Structural Analysis, ALBERT HAERTLEIN 
4 on Symbols for Hydraulics, J. C. STEVENS 

No. 5 on Symbols for Heat and Thermodynamics, 8. A. Moss 
6 on Symbols for Photometry and Illumination, E. C. Crrt- 

TENDEN 

No. 7 on Aeronautical Symbols 

No. 8 on Symbols for Electric and Magnetic Quantities, J. F. 
MEYER 

No. 9 on Symbols for Radio 

No. 10 on Abbreviations for Engineering and Scientific Terms, 
G. A. STETSON 


DRAWINGS AND DRAFTING ROOM PRACTICE (Z-14) 


* Joint sponsorship with the Society for the Promotion of 
Engineering Education, Sectional Committee organized 
July, 1926 


A.S.M.E. Members (Total personnel, 53) 


ALFRED IDDLES 
+SamMvueL KetoHum 

F. R. LANey 

H. B. LANGILLE 

RvupoLPH MICHEL 


F. DER. FurMAN, Chairman 
C. W. Kevurret, Secretary 
C. E. 

T. G. CRAWFORD 

H. C. FLeTcHER 
= 
A. 
E. 
A. 


E. FreNcH F. W. 
C. HARPER E. B. NEIL 
R. J. W. OwENs 


M. Houser F..C. PanusKa 


+E. S. Smrru, Jr. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Specifications for Paper and Cloth, A. A. CopurNn 
No. 2 on Method of Indicating Dimensions 

No. 3 on Lettering, T. G. CRawrorp 

No. 4 on Layout, D. BAKER 

No. 5 on Line Work, S. Ketcoum 

No. 6 on Graphical Symbols on Drawings, T. E. Frencu 
Editing Committee, T. E. Frencu 
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GRAPHIC PRESENTATION (Z-15) 


* Sole sponsorship. Sectional Committee organized November, 1926 
A.S.M.E. Members (Total personnel, 33) 
+G. E. Hagemann, Secretary H. G. Crockerr 


C. M. T. E. Frencu 
WALLACE CLARK +D. B. Porter 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan and Scope 

No. 2 on Terminology 

No. 3 on Preferred Practice in Graphic Presentation, A. H. 
RICHARDSON 

No. 4 on Engineering and Scientific Graphs, W. A. SHEWHART 


SPEEDS OF MACHINERY (Z-18) 


* Sole sponsorship. Sectional Committee organized May, 1928 
A.S.M.E. Members (Total personnel, 30) 


+C. M. BigeLow H. C. E. Meyer 
+R. C. DEALE Joun REID 

Pau. DISERENS P. G. RHoapDs 

F. 8. ENGiisu F. C. SPENCER 

D. C. JACKSON O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope, A. E. HAtu 
No. 2 on Questionnaire and Canvass to Industry, F. 8S. ENGiisx 
No. 3—Special Reviewing Committee 


GRAPHICAL SYMBOLS AND ABBREVIATIONS FOR USE 
ON DRAWINGS (Z-32) 


* Joint sponsorship with American Institute of Electrical En- 
gineers. Sectional Committee organized April, 1936 
A.S.M.E. Members (Total personnel 52) 


E. E. ASHLEY A. M. Houser 
(JOHN JAMES, Alternate) I. J. Karassix 
J. M. Barnes L. L. MuNIER 


+T. E. Frencu J. W. Owens 
D. T. HAMILTON + F. C. Panvuska 
F. W. T. R. THomas 
(J. J. HARMAN, Alternate) T. P. WricHTt 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical Engineering, T. E. Frencu 
No. 2 on Symbols for Use in Electrical Engineering, H. W. SAMson 


SHAFT COUPLINGS 


Appointed in December, 1928 
A.S.M.E. Members (Total personnel, 6) 


D. J. McCormack, Chairman H. G. REeEIst 
R. A. McCarry R. E. B. Swarr 


DEVELOPMENT OF APPLICATIONS OF STATISTICS IN 
ENGINEERING AND MANUFACTURING 


Joint sponsorship with the American Society for Testing Materials. 
Appointed in December, 1929 


A.S.M.E. Members (Total personnel, 4) 
W. H. FULWEILER + L. K. 


STANDARD HEIGHT FOR LOADING PLATFORMS AT 
FREIGHT TERMINALS AND WAREHOUSES 


Joint sponsorship with the Society of Terminal Engineers. 
Appointed in December, 1931 


(Total personnel, 14) 


+ Official A.S.M.E. representative serving on this committee. 
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A. S.M. EF. Representatives on Miscellaneous 
Standardization Committees 


See also A.S.M.E. Representatives on Other Activities, page RI-29 


ACOUSTICAL MEASUREMENTS AND TERMINOLOGY 


* Sponsor body: Acoustical Society of America 
E. E. FREE W. B. 
(P. H. Brtnvuser, Alternate) (H.S. Reap, Alternate) 
R. V. Parsons 
(J. 8S. PARKINSON, Alternate) 
AMERICAN MARINE STANDARDS COMMITTEE 


Advisory Committee of Department of Commerce 
J. W. Gray (H. W. Brown, Alternate) 


BUILDING CODE COMMITTEE 


Advisory Committee of Department of Commerce 


THORNTON LEWIS 


CLASSIFICATION OF COAL 
American 


F.. 


* Sponsor body: Society for Testing Materials 


W ADLEIGH 


DRAINAGE OF COAL MINES 
* Sponsor body: 


M. J. Live 


American Mining Congress 
O. M. Pruirr 
W. M. Waite 
ELECTRIC WELDING 


* Sponsor bodies: American Institute of Electrical Engineers and 
the National Electrical Manufacturers Association 


N. McD. Loney 


ELECTRICAL DEFINITIONS 


* Sponsor body: American Institute of Electrical Engineers 
C. H. Berry J. V. B. Durer 


FIRE TESTS OF BUILDING CONSTRUCTION AND 
MATERIALS 


* Sponsor bodies: A.S.A. Fire Protection Group, National Bureau 
of Standards, and the American Society for Testing Materials 


E. C. Rack 


FOREST FIRE PROTECTION 


Committee of National Fire Protection Association 
E. H. Davis 


MANHOLE FRAMES AND COVERS 


* Sponsor bodies: A.S.A. Telephone Group and American Society 
of Civil Engineers 


ANTON HANSEN HomMeER RUPARD 


MARKING OF OBSTRUCTIONS TO AIR NAVIGATION 


* Joint committee between aviation interests and combined utility 
interests 


J. E. Wurrseck (JeRoME LEDERER, Alternate) 


METHODS OF RATING RIVERS 


* Sponsor body: U.S. Geological Survey 
D. W. Meap 
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METHODS OF TESTING WOOD 


* Sponsor bodies: U.S. Forest Service and the American Society 
for Testing Materials 


C. M. BiceELow 
MISCELLANEOUS OUTSIDE COAL-HANDLING 
EQUIPMENT 
* Sponsor body: American Mining Congress 


J. H. 


PETROLEUM PRODUCTS AND LUBRICANTS 
* Sponsor body: American Society for Testing Materials 


G. B. W. F. ParisH 
(H. J. Masson, Alternate) (S. J. Neeps, Alternate) 


PETROLEUM SPECIFICATIONS 


Advisory Board of U. S. Bureau of Mines 
H. A. HowartH 


PREFERRED NUMBERS 


* Special Committee of A.S.A. 
K. H. Conpir 


ROTATING ELECTRICAL MACHINERY 


* Sponsor bodies: American Institute of Electrical Engineers and 
National Electrical Manufacturers Association 


H. R. Sewer (C. A. Boorn, Alternate) 


SPECIFICATIONS FOR CAST IRON PIPE 


* Sponsor bodies: American Gas Association, American Society for 
Testing Materials, American Water Works Association, 
National Electrical Manufacturers Association 


G. W. Brees J. E. Grsson 


SPECIFICATIONS FOR CLEAN BITUMINOUS COAL 


* Sponsor body: American Institute of Mining and Metallurgical 
Engineers 


R. A. SHERMAN (E. L. LINDsetH, Alternate) 
SPECIFICATIONS FOR FUEL OILS 


* Sponsor body: American Society for Testing Materials 


W. H. Burier L. H. Morrison 
Harte Cooke Lee SCHNEITTER 
H. W. Dow DENISTOUN Woop 


SPECIFICATIONS FOR MATERIALS FOR USE IN MANU- 
FACTURE OF SPECIAL TRACKWORK 


* Sponsor body: American Transit Association 
W. R. 


SPECIFICATIONS FOR AND RECOMMENDED PRACTICE 
IN THE USE OF WIRE ROPE FOR MINES 


* Sponsor body: American Mining Congress 
J. L. Harrineton 


SPECIFICATIONS FOR SIEVES FOR TESTING PURPOSES 


* Sponsor bodies: American Society for Testing Materials and 
National Bureau of Standards 


D. MoM. BLiacksurRN 


SPECIFICATIONS FOR TOOL STEEL 


Subcommittee No. XIV of A.S.T.M. Committee A1 on Steel 
O. W. Boston C. M. Inman 
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VOLUME WATER HEATING 


Sponsor body: American Gas Association 
MarK RESEK 


Power Test Codes Technical Committees 
(Personnel of Standing Committee, p. RI-2) 


(1) GENERAL INSTRUCTIONS 


Appointed December, 1918 


W. H. KAvANAvGH, Chairman 
A. M. GREENE, JR. 


C. F. 
M. C. StTuart 
(2) DEFINITIONS AND VALUES 


Appointed December, 1918 
Reorganized, 1936 


R. J. S. Pigott, Chairman L. S. Marks 
L. J. Briees F. G. PHILo 
W. F. Davipson J. C. SMALLWooD 
S. L. Kerr P. W. Swarn 
A. L. KIMBALL A. C. Woop 
(3) FUELS 

Appointed December, 1918 
W. J. WoHLENBERG, Chairman F. G. PHILo 
E. G. BAILEY G. S. Pore 
B. L. Boye C. R. RiIcHArps 
L. P. BRECKENRIDGE E. B. RICKETTS 
H. W. Brooxs F. M. Rogers 
S. B. Frace E. X. ScHMIpT 
D. M. Myers NIcHoLAs STAHL 


E. N. Trump 


(4) STATIONARY STEAM-GENERATING UNITS 


Appointed December, 1918 


R. FisH, Chairman 
U. Savoye, Secretary 
. D. BAILEY 


ALFRED IDDLES 
E. B. Powe. 
E. B. RIcKETTsS 


(5) RECIPROCATING STEAM ENGINES 


Appointed December, 1918 
Reappointed, 1931 


A. G. CHRISTIE, Chairman J. A. HUNTER 
HarTE CooKE H. G. MUELLER 

K. 8S. M. Davipson B. V. E. NorpBera 
HERMAN DIEDERICHS J. F. M. Patirz 
HENRIK GREGER A. V. SAHAROFF 
THomas HALL A. G. WHITTING 


J. C. WorKMAN 


(6) STEAM TURBINES 


Appointed December, 1918 


C. H. Berry, Chairman V. M. Frost 
I. E. Moutrrop, Secretary A. E. GRUNERT 
O. D. H. BENTLEY FrANcis HopG@KINSON 
W. E. CALDWELL S. A. Moss 
A. G. CHRISTIE R. O. MULLER 
Hans DAHLSTRAND T. E. 
C. C. THomas 


(7) RECIPROCATING STEAM-DRIVEN DISPLACEMENT 
PUMPS 


Appointed December, 1918 


R. D. Chairman J. E. Greson 

C. H. ANDERSON G. L. Ko.tiBer@ 
E. H. Brown M. B. MAcNEILLE 
J. N. CHESTER D. W. Meap 


L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY PUMPS i 


M. B. MACNEILLE, Chairman 


H. E. BecKwitH 
W. B. Gregory 

LiF. 
ARVID PETERSON 


G. T. FeLtpeck 


E. L. ANDERSON 
C. A. Boorn 

W. H. Carrier 
THOMAS CHESTER 
L.. B. Dar 

E. S. Dean 

Z. G. DrutTscr 
S. H. Downs 


Max SPILLMAN 
Moopy W. M. 
I. A. WINTER 
(9) DISPLACEMENT COMPRESSORS AND BLOWERS 
Appointed December, 1918 
Reorganized, 1935 
PavuL DIsereNns, Chairman J. F. Huvane 
R. M. JoHNsSoN 
J. F. D. Smira 
(10) CENTRIFUGAL AND TURBO-COMPRESSORS AND 
BLOWERS 
Appointed December, 1918 4 
Reappointed, 1929 ) 
A. T. Brown, Chairman P. E. Goop 
J. J. Gros 
H. F. Hagen 


(11) COMPLETE STEAM POWER PLANTS 


F. M. Van DEvENTER, Chairman 
D. S. Weaa, Secretary 


W. F. Davipson 
C. H. Fettows 


(12) CONDENSERS, WATER HEATING, AND COOLING 


WOWA 


. N. EXRHART 


. A. Orrok, Chairman 
. J. Harpe, Secretary 
H. BaKer, Jr. 
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Appointed December, 1918 
Reorganized, 1936 


F. H. Rogers 
W. C. Rupp 


PauL HorrMan 

H. D. Ketsry 

A. L. 

L. S. Marks 

ARVID PETERSON 

H. F. Scummr 
M. C. Stuart 


Appointed December, 1918 
Reappointed, 1933 


R. A. Foresman 
V. M. Frost 

W. W. Jounsox ) 
E. W. Norris 


H. S. WHITon 


EQUIPMENT 
Appointed December, 1918 
J. F. Grace 
D. W. R. Morean 
J. J. MULLAN | 


H. B. REYNoLps | 7 
P. E. ReYyNoips 


(13) REFRIGERATING SYSTEMS 


G. 
G. 


. HorNE, 
. Brieut 


Chairman 


Appointed December, 1918 ’ 


N. H. 
G. T. VoorHeEEs 


(14) EVAPORATING APPARATUS 


. Bump 


E. C. Scumint, Chairman 
W. F. Jr. 


H. B. OatLey 


. Trump, Chairman 


Appointed December, 1918 


E. A. NEWHALL 
H. L. Parr 
L. C. Rogers 


(15) STEAM LOCOMOTIVES 
Appointed December, 1918 


G. E. Raoaps 
L. K. SrLicox 
W. EB. Woopard 
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(16) GAS PRODUCERS 
Appointed December, 1918 


R. H. FeRNALD 
H. F. Smiru 
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C. D. Smita 


(17) INTERNAL-COMBUSTION ENGINES 


Appointed December, 1918 
Reappointed, 1928 


Max Rorrer, Chairman 
Harte CooKE 
J. H. Surer 


L. B. JAcKsSON 


B. V. E. Norpsere 


(18) HYDRAULIC PRIME MOVERS 


Appointed December, 1918 
Reappointed, 1931 


E. C. HutcHiInson, Chairman 
C. M. ALLEN 
H. L. 
W. F. DuraNnp 
N. R. Grsson 
W. M. Waite 


J. P. Growpon 
T. H. Hoge 


). J. McCormack 
. F. Moopy 
. V. Terry 


(19) INSTRUMENTS AND APPARATUS 


Appointed December, 1918 


C. F. HirsHretp, Chairman 
W. A. Carter, Secretary 
C. M. ALLEN 
E. G. BAILey 
H. 8. BEAN 
L. J. Briges 
C. R. Cary 
J. D. Davis 
R. E. DILLON 
F. M. FARMER 
R. B. Smita 


J. B. GRUMBEIN 
W. W. JoHNSON 
W. H. KENERSON 
E. S. Lee 

E. L. LINnpseTH 
OSBORN MONNETT 
S. A. Moss 

R. J. 8. Pieorr 
E. B. Ricketts 
W. A. SLoan 


(20) SPEED-RESPONSIVE GOVERNORS 


Appointed December, 1921 


Francis HopeKINnson, Chairman 
Harte Cooke 


J. F. M. Patitrz 
F. H. Rogers 


(21) DUST SEPARATING APPARATUS 


Appointed October, 1934 


M. D. Eneate, Chairman 
OLLISON Crate, Secretary 
E. L. ANDERSON 

A. D. BAaILey 

H. H. Buspar 

W. G. Curisty 

H. O. Crorr 

J. M. DALLAVALLE 
PHILIP DRINKER 


J. W. FEHNEL 
H. F. Hagen 
P. H. Harpie 
C. W. Hepsere 
J. H. Leecu 

H. E. MacomMsBer 
H. B. MELLER 

H. C. Murpuy 

B. F. 


4.S.M.E. Representatives on Other Committees 
See also A.S.M.E. Representatives on Other Activities, page RI-29 


DEVELOPMENT OF DEFINITIONS FOR THE NET 
CALORIFIC VALUE AND GROSS CALORIFIC 


VALUE OF FUELS 


Sponsor body: American Society for Testing Materials 


W. J. WouHLENBERG 


COMMITTEE ON REDEFINING SO-CALLED STANDARD 
TON OF REFRIGERATION 


Sponsor body: American Society of Refrigerating Engineers 


G. B. Brieutr 
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Safety Technical Committees 


(Personnel of Standing Committee, p. RI-2) 


SAFETY CODE FOR MECHANICAL POWER-TRANSMIS- 
SION APPARATUS 


* Joint sponsorship with the International Association of Indus- 
trial Accident Boards and Commissions, National Bureau 
of Casualty and Surety Underwriters. Sectional 
Committee organized February, 1921 


A.S.M.E. Members (Total personnel, 35) 


+C. B. Chairman + G. M. NayLor 
P. G. Ruoaps, Temporary W. W. NIcHOLS 
Secretary W. S. PAINE 
+L. A. +D. C. Wriecut 
C. C. Foster (+G. N. VANDERHOEF, 
(W. M. Grarr, Alternate) Alternate) 
W. J. HAMILTON 


SUBCOMMITTEE CHAIRMEN 


on Detail Classification of Belts 

on Modification of Rule 223 for Cone Pulley Belts 

on Mechanical Power Control, W. M. Grarr 

on Use of ASA Code versus State Codes, L. A. DeBLois 
on Statistics on Place of Occurrence of Accidents 


= 


° 
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SAFETY CODE FOR ELEVATORS 


* Joint Sponsorship with the American Institute of Architects and 
the National Bureau of Standards. Sectional Committee 
organized November, 1922 


A.S.M.E. Members (Total personnel, 42) 


O. P. CuMMINGS, Vice-Chairman + N. O. Linpstrom 


C. R. CALLAWAY J. J. Matson 

+ D. L. J. C. McCaBe 

+ BASSETT JONES M. B. McLavuTHLIN 
D. L. LInpQuIsT W. S. Parne 


SUBCOMMITTEE CHAIRMEN 


Research, Recommendations and Interpretations, D. J. Purinton 
Inspectors’ Handbook, K. A. CoLAHAN 

Elevator Systems Safe Against Fire, W. S. Paine 

Interlocks and Hoistway Enclosures, B. Jones 


SAFETY CODE ON COMPRESSED AIR MACHINERY AND 
EQUIPMENT 


* Joint sponsorship with the American Seciety of Safety En- 
gineers—Engineering Section, National Safety Council. 
Sectional Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 25) 


W. M. Grarr 
W. J. Graves 


D. L. Royer, Chairman 
H. D. Epwarps 
+ H. H. Jupson 


SAFETY CODE FOR CONVEYORS AND CONVEYING 
MACHINERY 


* Joint sponsorship with the National Bureau of Casualty and 
Surety Underwriters. Sectional Committee organized 
November, 1925 


A.S.M.E. Members (Total personnel, 44) 


W. J. GRAVES D. L. Royer 

F. V. Herze. (W. M. Grarr, Alternate) 
+ M. A. KENDALL + WILLIAM STANIAR 

W. S. Paine G. R. WaDLEIGH 

C. G. PFEIFFER J. G. WHEATLEY 


+ Official A.S.M.E. representatives serving on this committee. 


[AN 
R 
4 
E 
: 
N 
N 
N 
8 
son) 
anes 
RGAN 
| 
Ds 
| 4 
te 
wa 


RI-28 


SUBCOMMITTEE CHAIRMEN 


No. 1 on All Types of Chain Conveyors and Elevators and Also 
Cable Flight Conveyors Omitting Track Scraper Conveyors 

No. 2 on Belt Conveyors and Belt Elevators Including Steel Belt 

No. 3 on Gravity Conveyors and Chutes, Live Roll Conveyors, 
C. A. Pau. 

No. 4 on Spiral and Track or Scraper Conveyors, H. DEVERELL 

No. 5 on Cable Conveyors, H. A. Ror 


No. 6 on Air, Steam or Liquid Conveyors, J. J. McNuLta 


SAFETY CODE FOR CRANES, DERRICKS, AND HOISTS 


* Joint sponsorship with U. S. Navy Department, Bureau of Yards 
and Docks. Sectional Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 66) 


B. F. Secretary + Lewis Price 
J. F. Howe F. H. ScHWERIN 
W. D. KELLER +R. H. WuHitTe 

H. L. WHITTEMORE 


SUBCOM MITTEE CHAIRMEN 


1 on Overhead and Gantry Cranes, R. H. WHITE 

No. 2 on Locomotive and Tractor Cranes, H. H. VeRNOoN 

3 on Derricks and Hoists, L. Price 

No. 4 on Miscellaneous Equipment for Cranes and Hoists (Slings, 
Chains and Hooks, Wire Rope and Attachments, Sheaves and 
Pulleys), L. W. Hopkins 

No. 5 on Jacks, E. W. CarvuTHERS 


AIRCRAFT SAFETY AND INSPECTION 


A.S.M.E. Committee organized April, 1931 
A.S.M.E. Members (Total personnel, 6) 


JEROME LEDERER, Chairman ALEXANDER KLEMIN 


A.S.M.E. Representatives on Other Safety Committees 
See also A.S.M.E. Representatives on Other Activities, page RI-29 


SAFETY CODE FOR ABRASIVE WHEELS 


* Sponsor bodies: Grinding Wheel Manufacturérs Association of 
United States and Canada, and International Association of 
Industrial Accident Boards and Commission 


W. B. GARDINER 


SAFETY CODE FOR AERONAUTICS 


* Sponsor body: Society of Automotive Engineers 


(To be appointed) 


SAFETY CODE FOR AMUSEMENT PARKS 


* Sponsor bodies: National Association of Amusement Parks, and 
National Bureau of Casualty and Surety Underwriters 


G. P. Jr. 


SAFETY CODE FOR CONSTRUCTION WORK 


* Sponsor bodies: American Institute of Architects and National 


Safety Council 
(To be appointed) 


COOPERATION WITH OTHER ENGINEERING SOCIETIES 


Sponsor body: American Society of Safety Engineers 
H. L. MINER 


AS.A. SAFETY CODE CORRELATING COMMITTEE 


T. A. WarsH, Jr. (H. H. Jupson, Alternate) 
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SAFETY CODE FOR EXHAUST SYSTEMS 


* Sponsor body: International Association of Industrial Accident 
Boards and Commissions 


J. C. Harpiea (E. H. peConrnen, Alternate) 


SAFETY CODE FOR FLOOR AND WALL OPENINGS, RAIL- 
INGS, AND TOE BOARDS 
* Sponsor body: National Safety Council 


WILLIAM COLLINS 


SAFETY CODE FOR FORGING AND HOT METAL STAMPING 


* Sponsor bodies: American Drop Ferging Institute and 
National Safety Council 


O. F. LucKENBACH C. F. Park 


SAFETY CODE ON COLORS FOR IDENTIFICATION OF GAS 


MASK CANISTERS 
* Sponsor body: National Safety Council 


L. C. Licuty ) 


SAFETY CODE FOR LADDERS 
* Sponsor body: National Safety Council 
W. T. Hatcu 


SAFETY CODE FOR LAUNDRY MACHINERY AND 
OPERATION 


* Sponsor bodies: Laundry Owners National Association, Inter- 
national Association of Governmental Labor Officials and 
National Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FACTORIES, MILLS, AND 
OTHER WORKS PLACES 


Illuminating Engineering Society 
L. A. BLACKBURN > 


* Sponsor body: 


SAFETY CODE FOR LOGGING AND 
MACHINERY 


* Sponsor body: National Bureau of Standards 


SAWMILL 


J. H. Dickrnson 


LOW VOLTAGE ELECTRICAL HAZARD 4 


* Special Committee of the American Society of Safety En- 
gineers—Engineering Section, National Safety Council 


J. P. JACKSON 
SAFETY CODE FOR MECHANICAL REFRIGERATION 


* Sponsor body: American Society of Refrigerating Engineers 


O. A. ANDERSON Crossy W. F. Jones 
(A. W. OAKLey, Alternate to all A.S.M.E. Representatives) 


SAFETY CODE FOR PAPER AND PULP MILLS 


* Sponsor body: National Safety Council 

R. L. WeLpon 4 

SAFETY CODE FOR POWER PRESSES, AND FOOT AND ‘a 
HAND PRESSES 


* Sponsor body: National Safety Council 
E. E. BARNEY 


SAFETY CODE FOR PREVENTION OF DUST EXPLOSIONS 


* Sponsor bodies: National Fire Protection Association and U. 8. ' 
Department of Agriculture Ey 


J. H. Morrow R. M. Feset 
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SAFETY CODE FOR PROTECTION OF HEADS, EYES AND 
RESPIRATORY ORGANS OF INDUSTRIAL WORKERS 


* Sponsor body: National Bureau of Standards 
T. A. Watsu, Jr. (T. F. Hatcn, Alternate) 


SAFETY CODE FOR PROTECTION OF INDUSTRIAL 
WORKERS IN FOUNDRIES 


* Sponsor bodies: American Foundrymen’s Association and 
National Founders Association 


H. M. LANE 


SAFETY CODE FOR RUBBER MACHINERY 


*Sponsor bodies: National Safety Council and International 
Association of Industrial Accident Boards and Commissions 


(To be appointed) 


SPECIFICATIONS AND METHODS OF TEST 
SAFETY GLASS 


FOR 


* Sponsor bodies: National Bureau of Casualty and Surety 
Underwriters and National Bureau of Standards 


T. A. Wats, JR. 


SAFETY CODE FOR TEXTILES 
* Sponsor body: National Safety Council 


G. L. 
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SAFETY CODE FOR UNDERGROUND POWER TRANSMIS- 
SION AND POWER EQUIPMENT FOR METAL MINES 


* Sponsor body: American Mining Congress, National 
Standardization Division 


(To be appointed) 
SAFETY CODE FOR VENTILATION 


American Society of Heating and Ventilating 
Engineers 


* Sponsor hody: 
P. A. McKirrrick (L. H. Eacert, Alternate) 


SAFETY CODE FOR WALKWAY SURFACES 


* Sponsor bodies: American Institute of Architects and National 
Safety Council 


W. M. Grarr 
SAFETY CODE FOR WINDOW WASHING 
* Sponsor body: National Safety Council 
W. G. Boyle 
SAFETY CODE FOR WORK IN COMPRESSED AIR 


* Sponsor hody: International Association of Industrial Accident 
Boards and Commissions 


L. J. 


A.S.M.E. Representatives on Other Activities 


See also A.S.M.E. Representatives on Other Research Committees, ete., pages RI-19, 25, 27, and 28 


(Dates in parentheses denote expiration of terms) 


AMERIOAN ASSOCIATION FOR THE ADVANCEMENT OF 
SCIENCE 


SECTION M, ENGINEERING 
(To be appointed) 


AMERICAN ENGINEERING COUNCIL 
(One-year term) 


J. H. Herron, Chairman 
L. P. ALForp 


W. L. Batt 
Doty 
R. E. FLANDERS 
Sapin Crocker, J. T. Fate, W. A. HANLEY 
E. W. O’Brien, E. L. OHLE 


Alternates: 


AMERICAN STANDARDS ASSOCIATION 


ALFRED IppLes (1937) V. R. WILLouGHBY 


C. B. LePage 


Alternates: 


AMERICAN YEAR BOOK CORPORATION 
C. E. Davies 


BUREAU OF WELDING RESEARCH 
JAMES PARTINGTON 


THOMAS ALVA EDISON FOUNDATION 
W. S. Frntay, JR. 
THE ENGINEERING FOUNDATION 


A. E. Wuire (1939) D. Ropert YARNALL (1939) 
W. H. (1940) 


RESEARCH PROCEDURE COMMITTEE 
W. H. Furwemer (1937) 


ENGINEERING HISTORY 


G. A. Orrok J. W. Roe 


ENGINEERING SOCIETIES EMPLOYMENT SERVICE 
NATIONAL BOARD 
C. E. Davies 
METROPOLITAN BOARD 
Ernest HArtrorD, Chairman 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 


DEVELOPMENT 


W. E. WIcKENDEN (1938) 
C. F. HirsHreitp (1939) 


W. L. Batr (1937) 


ENGINEERS NATIONAL RELIEF FUND 
W. A. SHoupy 


JOHN FRITZ MEDAL BOARD OF AWARD 


A. A. Porrer (1937) R. E. FLAnpers (1939) 
Dory (1938) W. L. Barr (1940) 


GANTT MEDAL BOARD OF AWARD 


F. E. Raymonp (1937) K. H. Conpir (1938) 
A. F. Ernst (1939) 


DANIEL GUGGENHEIM MEDAL FUND, INC. 


E. E. Auprin (1937) B. M. Woops (1938) 
T. A. Morgan (1939) 


JOSEPH A. HOLMES SAFETY ASSOCIATION 
O. P. Hoop 


HOOVER MEDAL BOARD OF AWARD 


VoorHees (1937) C. N. Laver (1939) 
W. H. Kenerson (1941) 


S. F. 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION 
U. 8. NATIONAL COMMITTEE 


H. N. Davis FRANCIS HopGKINSON 


PavuL DISERENS 
Alternates: C. Harotp Berry, E. C. Hurcnutnson 


NATIONAL BUREAU OF ENGINEERING REGISTRATION 
J. H. Herron 


NATIONAL FIRE WASTE COUNCIL 
J. A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


J. W. Roe (1938)—H. V. Coes, Alternate 
To be appointed (1939)—C. W. LytTLr, Alternate 
_L. C. Morrow (1940)—W. H. Kusunick, Alternate 


NATIONAL RESEARCH COUNCIL 
DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


R. C. H. Heck (1937) W. TriInxks (1939) 
Bert HovuGHTon (1938) C. E. Davirs, Secretary, Ex-Officio 
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ALFRED NOBLE PRIZE 
A. M. GREENE, JR. 


STUDY OF COAL 
JOINT COMMITTEE WITH THE A.I.M.E. 
J. C. Horses 


E. B. Ricketts 
E. H. TENNEY 


F. M. Gipson 
H. Drake HARKINS 


UNITED ENGINEERING TRUSTEES, INC. 


To be appointed (1937) H. A. LARDNER (1938) 
D. Ropert YARNALL (1939) 


ENGINEERING SOCIETIES MONOGRAPHS COM MITTEE 


C. B. Peck G. B. 
UNWIN MEMORIAL COMMITTEE 
AMBROSE Swasey, Honorary Chairman 

J. A. Gorr R. E. W. Harrison 


WESTERN SOCIETY OF ENGINEERS 
WASHINGTON AWARD 


O. A. LeuTwiter (1937) C. B. Noite (1938) 


Awards 


The following paragraphs deal with the medals, awards, scholar- 
ships, and loan funds which come within the jurisdiction of the 
AS.M.E. The Society also participates with other engineering 
societies in a number of joint awards. 


Honorary Membership, to which persons of acknowledged pro- 
fessional eminence are elected by unanimous vote of Council under 


the provisions of the By-Laws and Rules. A list of honorary mem- - 


bers is given on page RI-33. 

Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 

Holley Medal, instituted” and endowed in 1924 by George I. 
Rockwood, Past Vice-President of the Society, to be bestowed, to- 
gether with an engraved certificate, for some great and unique act 
of genius of engineering nature that has accomplished a great and 
timely public benefit. 

Worcester Reed Warner Medal, provision for which was made 
in the will of Worcester Reed Warner, Honorary Member of the 
Society, is a gold medal to be bestowed, together with an engraved 
certificate, on the author of the most worthy paper received, deal- 
ing with progressive ideas in mechanical engineering or efficiency 
in management. 

Melville Medal, established in 1914 by the bequest of Rear- 
Admiral George W. Melville, Honorary Member and Past-Presi- 
dent of the Society, to be presented, together with an engraved 
certificate, for an original paper or thesis of exceptional merit, 
presented to the Society for discussion and publication, to er- 
courage excellence in papers. The medal may be presented annually. 

Spirit of Saint Louis Medal, endowed by members of the Society 
and citizens residing in St. Louis, Mo., to be awarded for meri- 
torious service in the field of aeronautical engineering. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of a 
Spirit of Saint Louis Medal Board of Award made up of six mem- 
bers, each appointed for a term of nine years and the terms of two 
members expiring at each three-year period. The St. Louis Section 
and the Aeronautic Division will each be responsible for the 
nomination of three members. 

Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 


Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted by a Junior Member. 

Student Awards, two annual cash awards of $25 each, estab- 
lished in 1914, from a fund created by Henry Hess, Past Vice- 
President of the Society, to be presented, together with engraved 
certificates, for the best papers or theses submitted by Student 
Members. The awards for 1932 and subsequent years have been 
given, one for undergraduate and the other for postgraduate work. 

Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society, for the best paper 
within the general subject of the influence of the profession upon 
public life. The exact subject is assigned by the Board of Honors 
and Awards, subject to the approval of the Council, and is an- 
nounced each year through the Honorary Chairmen of the Student 
Branches. 


SCHOLARSHIPS AND LOAN FUNDS 


Mag Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman's Auviliary: Scholarship or Fellowship offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presentation. 
and the services or papers for which the awards were made. There 
were no awards for the years not listed. 


A.S.M.E. 


1921 HgaLMAR Gorrriep CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm_ high 
explosive shells, but also used extensively in gas shells and 
bombs 

FrepERICK ArTHUR HALsey, for his paper describing the 
premium system of wage payments presented before the 
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Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 
JoHn Riptey FREEMAN, for his eminent service in engineer- 
ing and manufacturing by his meritorious work in fire pre- 
vention and the preservation of property 

R. A. MILLIKAN, in recognition of his contributions to 
science and engineering 

Witrrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

JULIAN KENNEDY, for his services and contributions to the 
iron and steel industry 

Wituram LeRoy Emmet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 

ALBERT KiNnospury, for his research and development work 
in the field of lubrication 

AMBROSE Swasky, for his contributions to the advancement 
of the engineering profession and for his part in the de- 
velopment of the turret lathe and the astronomical telescope 
Wiis H. Carrier, in recognition of his research and de- 
velopment work in air-conditioning 

Cyartes T. MAIN, for distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

Epwarp Bavuscn, for meritorious mechanical developments 
in the field of optics. 


HJALMAR GOTFRIED CARLSON, for his inventions and proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in the World War (diploma in recognition of 
achievements presented in 1921) 

ELMER Ambrose Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

Baron Cuvuzapuro Sura, for his contributions to knowledge 
through fundamental research, including the field of aero- 
dynamics, by the development of ultra-rapid kinemato- 
graphic methods 

IrvING LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

Henry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing. 


Worcester Reep WARNER MEDAL 


Dexter S. KimMBatt, for his contributions to efficiency in 
management as exemplified by his recently revised “ Prin- 
ciples of Industrial Organization” and by his many ar- 
ticles, engineering society papers, and public addresses 
Ravn E. FLANpeERS, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many papers 
which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of 
dynamics of moving machinery 

CHarLes M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations. 


MELVILLE MEDAL 


Leon P. Atrorp, “ Laws of Manufacturing Management ” 
JosepH W. Rok, “ Principles of Jig and Fixture Practice ” 
HERMAN DieperIcHs AND D. Pomeroy, “ The 
Occurrence and Elimination of Surge or Oscillating Pres- 
sure in Discharge Lines From Reciprocating Pumps ” 
ArTHUR E. Grunert, “ Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing ” 

ALexey J. Stepanorr, “ Leakage Loss and Axial Thrust in 
Centrifugal Pumps ” 


1933 


1935 
1936 


1929 
1932 


1935 


1916 


1917 


1919 
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WitiaM E. CALpwe Lt, “ Characteristics of Large Hell Gate 
Direct-Fired Boiler Units ” 

Oscar R. WIKANDER, “ Draft-Gear Action in Long Trains” 
H. A. Stevens HowartH, for his paper The Loading and 
Friction of Thrust and Journal Bearings with Perfect 
Lubrication. 


Sprrit or Sarnt Louis MEDAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pau LITCHFIELD, for his work in encouraging and sponsor- 
ing airship design and construction in this country 

Witt Rosers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the 
press, over the radio, and from the speaker’s platform. 


JUNIOR AWARD 


Ernest O. Hickstern, “ Flow of Air Through Thin Plate 
Orifices ” 

L. M. McMrItian, “ The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings ” 

E. D. WHALEN, “ Properties of Airplane Fabrics ” 

S. LoGan Kerr, “ Moody Ejector Turbine ” 

R. H. Het~man, “ Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures Up to 800 Degrees 
Fahrenheit ” 

F. L. Katiam, “ Preliminary Report on the Investigation ot 
the Thermal Conductivity of Liquids ” 

S. S. Sanrorp AND S. Crocker, “The Elasticity of Pipe 
Bends ” 

R. H. Hetman, “ Heat Losses Through Insulating Ma- 
terial ” 

Giitpert S. ScHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry ” 

Wm. M. Frame, “ Stresses Occurring in the Walls of an El- 
liptical Tank Subjected to Low Internal Pressure ” 

M. D. Alsenstetn, “A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump ” 

ArtHour M. WAHL, “Stresses in Heavy, Closely Coiled 
Helical Springs ” 

Ep Jr., “ Quantity-Rate Fluid Meters” 
M. K. Drewry, “ Radiant-Superheater Developments ” 
Epmonp M. Wagener, “ Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder ” 
TOWNSEND TINKER, “ Surface Condenser Design and Operat- 
ing Characteristics ” 

Joun I. Yettort, Jr., “ Supersaturated Steam ” 

STANLEY J. MrKina, “ Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery ” 

Harwoop F. MuLirKAan, Jr., “ Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
man Law to Heat Absorption in Boiler Furnaces.” 


STupENT AWARD 


Boynton M. Green, Stanford University, “ Bearing Lubri- 
cation ” 

Howarp E. Stevens, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates ” 

M. ApaM, Louisiana State University, “The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates ” 

H. R. HAMMonD C. W. Hotmpere, Pennsylvania State 
College, “ Study of Surface Resistance With Glass as the 
Transmission Medium ” 

C. F. Len anp F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting ” 

W. E. Hetmick, Stanford University, “An Experimental 
Investigation of Steel Belting ” 

Howarp G. ALLEN, Cornell University, “ Wire Stitching 
Through Paper ” 

Kart H. Wuire, University of Kansas, “ Forces in Rotary 
Motors ” 

RicHarD H. Morris Aubert J. R. Houston, University 
of California, “A Report Upon an Investigation of the 
Herschel Type of Improved Weir ” 
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CHARLES F. O_msteaD, University of Minnesota, “ Oil Burn- 
ing for Domestic Heating ” 

H. E. Doouirrie, University of California, “ The Integrating 
Gate: A Device for Gaging in Open Channels ” 

Georce Stuart CiarK, Stanford University, “ Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants ” 

L. J. FRANKLIN AND CHARLES H. SmirH, Stanford Uni- 
versity, “The Effect of Imaccuracy of Spacing on the 
Strength of Gear Teeth ” 

Harry Pease Cox, Jr., Rensselaer Polytechnic Institute. 
“A Study of the Effect of End Shape on the Towing Resist- 
ance of a Barge Model” 

W. S. Monrcomery, Jr., AND E. Ray Enpers, Pennsyl- 
vania State College, “ Some Attempts to Measure the Draw- 
ing Properties of Metals” 

R. E. Peterson, University of Illinois, “An Investigation of 
Stress Concentration by Means of Plaster of Paris Speci- 
mens ” 

Ceci. G. Hearp, University of Toronto, “ Pressure Dis- 
tribution Over U. S. A. 27 Aerofoil With Square Wing 
Tips Model Tests ” 

AtrreD H. MARSHALL, Princeton, “ Evaporative Cooling” 
Rocer IrMIN Esy, University of Washington, “ Measure- 
ment of the Angular Displacement of Flywheels ” 
CLARENCE C. FRANCK, Johns Hopkins University, “ Condi- 
tion Curves and Reheat Factors for Steam Turbines ” 
FraNK VERNON BistroM, University of Washington, “An 
Investigation of a Rotary Pump” 

WALLACE University of Washington, “An 
Investigation of a Rotary Pump” 

GERARD EpEN CLAUSSEN, Polytechnic Institute of Brooklyn, 
“ High-Temperature Oxidation of Steel” 

Harotp L. ADAMS AND RicHArp L. StiTH, University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments ” 

JULES PopNossorF, Polytechnic Institute of Brooklyn, * Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions ” 

H. E. Foster, Jr., University of Tennessee, “ Factors Affect- 
ing Spray Pond Design” (Undergraduate Award) 
Wiititram A. Mason, Stanford University, “An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

Hueco V. Corprano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys” (Undergraduate Award) 

JAMES A. OSTRAND, JR., Princeton University, “ Sudden 
Enlargement in the Open Channel” (Postgraduate Award) 
H. ReyNnoitps Hupson, Georgia School of Technology, “ Dy- 
namic Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 

CuHartes P. Bacua, Rutgers University, “The Behavior 
of Metals Subjected to Combined Stress” (Postgraduate 
Award) 
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1932 
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Rozert W. BEAL, Oregon State College, “Do Lubricating 
Oils Wear Out? ” (Undergraduate Award) 

Leon B. Srrnson, Oklahoma Agricultural and Mechanica] 
College, “ Polymerized Motor Fuels; Their Economic Sig. 
nificance ” (Undergraduate Award) 

DeWirr D. Bartow, Jr., Princeton University, “ The Criti- 
cal Speeds of Lateral Vibrations of Shafts with Gyroscopic 
Effect ” (Postgraduate Award). 


CHar_Les T. Main AWARD 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States ” 

W. C. Sayvor, Johns Hopkins University. Subject: “ The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years ” 

No award. Subject: ‘“ Scientific Management and Its Effect 
Upon the Industries ” 

Ropert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manv- 
facturing ” 

No award. Subject: 
Farm Production ” 
JuLES PopNnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the In- 
dustries ” 

Ropert E. Kuisr, University of Michigan. Subject: “ Inter- 
changeability—Its Development and Significance in Indus- 
try” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training ” 
Georce D. WILKINSON, Jr., Newark College of Engineering 
Subject: “ Progress in the Prevention of Smoke and At- 
mospheric Pollution ” 


“The Influence of Engineering on 


Subject 


Puivip P. Colorado State College, “Air Conditioning- 
Its Practicability and Relation to Public Weifare ” 
G. LoweLt WILLIAMS, Lafayette College. Subject: 
ordinated Transportation—An Economie Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 
No award. Subject: “ Development in the Generation and 
Distribution of Power and Their Effect upon the Consumer.’ 
FREEMAN TRAVEL SCHOLARSHIP 

Hersert N. Eaton 
BLAKE R. VAN LEER 
Rosert T. Knapp 
REGINALD WHITAKER 
G. Ross Lorp 

J. CASEY 
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Honorary Members 


a HONORARY MEMBERS IN ELECTED DIED ELECTED DIED 
PERPETUITY Vicrok DweLsHAvvers-Dery. 1886 1913 ADOLPHE-EUGENE 
™ — ALEXANDRE GusTAVE E1rreL.. 1889 1923 C. SIEMANS....... 1882 1883 
Society. he MARSHAL FERDINAND Focu.. 1921 1929 Viscount Ericut Suisusawa 1929 1931 
ti. JOHN Founder of the So- Sig Cartes Dovetas Fox.. 1900 1921 Henry Ropinson TowNe.... 1921 1924 
crety, Ww, Founder of JOHN Rirvey FReeman...... 1932 1932 HENRI TRESCA ............. 1882 1885 
Henry RosstTeR WoRTHINGTON, Founder of Fritz 1900 1913 CawTHorNe UNWIN 1898 1933 
the Society. Died 1880. Magsor-GENERAL GEORGE OsSKAR VON MILLER.......... 1912 1934 
WASHINGTON GOETHALS .. 1917 1928 Francis A. WALKER........ 1886 1897 
DECEASED HONORARY MEMBERS FRANZ GRASHOF ........... 1884 1893 Worcester REED WARNER.... 1925 1929 
Reak-ADMIRAL Ropert STAN- GeorGeE WESTINGHOUSE ..... 1897 1914 
of ELECTED DIED ISLAUS GRIFFIN .......... 1920 1933. Sir Wriit1AmM Henry Waite. 1900 1913 
HoraTIo ALLEN ............ 1880 1880 HALEAUER 1882 1883. Sir ALFRED FERNANDEZ YAR- 
the Str WILLIAM ARROL......... 1905 1913 CHARLES HAYNES HASWELL.. 1905 1907 ROW co ccnsescaccescesccds 1914 1932 
ed Sir Joun AvDLEY FRepertcK 
1911 1937 GUSTAV ADOLPH HIRN....... 
- WILLIAM WALLACE JosePH HIRSCH ............ 1889 1901 LIVING HONORARY MEMESRS 
ub- Sir BeNJAMIN BAKER...... 1886 1907 
nu: JOHANN BAUSCHINGER ...... 1884 1893 BENJAMIN FRANKLIN IsHEr- 
1884 1903 Erasmus Darwin Leavitt... 1915 i9i¢ Duranp...... 
t : ‘ Henri Le CHATELIER 1927 1936 CHARLES DE FREMINVILLE.......... 1919 
ALFRED BRASHEAR..... 1908 1920 1912 1919 NATHANAEL Greene HerresHorr... 1921 
Cuartes H. MANNING...... 1913 1919 Hersert CLrarK Hoover............ 1925 
ev Daxten 1882 1896 Groror Wat- 1929 
Rt Jt LIUS EMMANUEL Tue Honoras_e Str CHARLES 1936 
CLAUSIU 1882 1888 ALGERNON PARSONS ...... 1920 1931 GRANDE UFFICIALE ING. P1o PERRONE 1920 
om JOHN 1889 1892 CHARLES TALBOT PorTEeR.... 1890 1910 CHARLES M. ScHWAB.............. 1918 
ng PETER COOPER 1882-1883 Auguste C. E. RATEAU...... 1919 1930 SWASEY ................ 1916 
At Gustar PATRICK DE Sir Epwarp J. REeep....... 1882 1906 THOMSON ................. 1930 
LAVAL 1912, 1913 Wranz REULEAUX .......... 1882 1905 Samvuet MatrHews VAUCLAIN..... 1920 
g- ........... 1912 1913 Catvrn Winsor RICE....... 1931 1934 Honoraste Lorp WEIR...... 1920 
Co- 
ot 
for 
and . 
Past-Presidents 
3 A list of past vice-presidents, managers, treasurers, and secre- 1906 FrepeERICK WINSLOW TAyYLor (1915) 
taries will be found in the 1930 Record and Index, pages 10-12. 1907 FreDERICK REMSEN Hutton (1918) 
Dates in parentheses denote year of death. 1908 Minarp LAFEVER HotMAN (1925) 
Jess -RRICK 927 
ALEXANDER LYMAN Chairman of the Preliminary Meeting 
t 3 for Organization of The American Society of Mechanical En- 1911 EpWarp DANIEL Mere (1914) 
iq gineers (1882) 1912 ALEXANDER CroMBIE HuMPHREYS (1927) 
1880-1882 Ronert Henry Tuurston (1903) 1913 WILLIAM FREEMAN Myrick Goss (1928) 
1883 Erasmus DARWIN Leavitt (1916) 1914 JAMES HARTNESS (1934) 
1884 JoHn Epson Sweet (1916) 1915 JOHN ALFRED BRASHEAR (1920) 
1885 Josepuus Fiavius Hottoway (1896) 1916 Davin SCHENCK JACoBUS 
1886 CoLEMAN SELLERS (1907) 1917 IrA NELSON Ho tts (1930) 
§ 1887 Yeorce H. Bascock (1893) 1918 CHARLES THOMAS MAIN 
1888 Horace See (1909) 1919 Mortimer Etwyn Coorey 
; 1889 Henry Rosrnson Towne (1924) 1920 Frep J. MILLER 
1890 OBerLIN SmitrH (1926) 1921 Epwin 8S. CarMAN 
189] Rozert Wootston Hunt (1923) 1922 DEXTER SIMPSON KIMBALL 
1892 CuarLes Harpine Lorine (1907) 1923 JoHN LYLE HARRINGTON 
1893-1894 Eckiey Brixton Coxe (1895) 1924 FREDERICK Low (1936) 
1895 Epwarp F. C. Davis (1895) 1925 WILLIAM FrepeRICK DuRAND 
1895 Cartes ETHAN BILLtNGs (1920) 1926 WILLIAM LaMont ABBOTT 
1896 Joun Frirz (1913) 1927 CHARLES M. 
1897 Worcester Reep WarNeR (1929) 1928 Atex Dow 
1898 CHARLES WALLACE Hunt (1911) 1929 ELMER Ambrose Sperrt (1930) 
1899 George WALLACE MELVILLE (1912) 1930 Cuartes (1933) 
1900 CHARLES HILt Morean (1911) 1931 Roy V. Wricut 
4 1901 Samuet T. WELLMAN (1919) 1932 Conrad N. Laver 
1902 Epwin ReyNoips (1909) 1933 A. A. Porrer 
1903 JAMES Mapes Donge (1915) 1934 Dory 
1904 AMBROSE SWASEY 1935 Ratrpu E. FLANDERS 
1905 Riptey Freeman (1932) 1936 L. Barr 
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The page numbers in this section are preceded by the letters ‘‘RI,’”’ which are omitted in the following index. 


Abbreviations and Symbols, Graphical, Comm. 24 
Abbreviations and Symbols, Letter, Comm.... 24 
Abrasive Wheels, Rep. on Safety Comm....... 28 
Acoustical Measurements, Reps. on Comm..... 25 


Administrative Comm. .............. 4 
Advisory Board on Professional Status....... 4 
Advisory Board on Standards and Codes...... 4 
Advisory Board on Technology........... oe 4 
Aeronautic Div. 
Reps. on Other Activities.......... cas 5 
Aeronautics, Rep. on Safety Comm.......... 28 
Aims and Objectives, 
Aircraft Safety and Inspection, Comm........ 28 
Air Navigation, Obstructions, Rep. on Comm. 25 
Alfred Noble Prize, A.S.M.E. Rep.......... - 80 
Allowances and Tolerances, Gages, Comm. . 19 
American Association for the ‘Advancement of 
Science, A.S.M.E. 29 
American Engineering Council, A.S.M.E. Reps. 29 
American Marine Standards, Rep. on Comm. 25 


American Standards Association, A.S.M.E. Rep. 29 


Year Book Corporation, A.S.M.E. 
Amusement Rep. on Safety Comm..... 28 
Applied Mechanics Div. 

Ash cone. Powdered-Coal Furnaces, Comm. 18 
A.S.M.E, Meda 1 

Assistant Secretaries, A.S.M.E.............. 1 
Awards, A.S.M.E. 

30 
Awards Comm. See Honors 
Ball and Roller Bearings, Comm..... 19 
Bearings, Heavy Duty Anti- Friction, Comm.. 18 
Biography Advisory 5 
Board of Review (Delinquent Members)...... 4 
Boiler Code 

a © of Section VIII, Special Comm. 3 

Boiler adueser Studies, Comm.. 17 
Boiler Furnace Refractories, Comm. 18 
Boiler Furnaces, Radiant Heat, Comm........ 18 
Boilers, Rules for Inspection of, Comm....... 3 
Boilers, Special Design of, 8 


Bolted Flanged Connections, Rules for, Comm. 3 
Bolt, Nut and Rivet Proportions, Comm...... 21 


Building Code, Rep. on Comm............. 25 
Calvin W. Rice Memorial Comm............. 5 
Cast Iron Pipe, Reps. on Comm....... ooere 
Certificates of Indebtedness, Trustees for. jasaee 4 
Charles T. Main Award 

Chucks and Chuck Jaws, Comm............. 20 
Circular Forming Tools, Comm............. 20 
4 
Coal, Classification of, Rep. on ‘Comm 25 
Coal, Clean Bituminous, Rep. on Comm...... 25 


Coal-Handlin: Equipment, Rep. on Comm.... 25 


Coal Mines, Drainage, Reps. on, Comm...... 
Coal, Study of, A.S.M.E. Reps.............. 
Colleges, Relations with, Comm........... 
Work in, Rep. on Safety 
Compressed Machinery and Equipment, 
ona Blowers 
Centrifugal and Turbo, Comm.,......... 26 
Condensers, Water Heating, and Cooling Equip- 
Constitution and By-Laws Comm............ 1 
Construction Work, Rep. on Safety Comm.. 28 
Containers for Gases and Liquids at Subzero 
Temperatures, Rules for, Comm..... 8 
and Conveying Machinery, Safety 
Correlating A.S8.A. Safety Code, Rep. 
Cotton Seed Processing, Comm.............. 19 
Council, A.S.M.E. 
Members of . 1 
Cranes, Derricks and Hoists, ‘Comm rey eee 28 
Cut and Ground Thread Taps, 20 
Cutting Tools, Single Point, Comm.......... 21 


Daniel Medal Fund, Inc., A.S.M.E. 

Definitions “an and Values, Power Test Codes, 
Delinquent Members, Board of Review, 
Development Comm. . 
Displacement Pumps, 


Reciprocating Steam- 


Drawings and Drafting Room Practice, Comm. 
Dust Explosions, Reps. on Safety Comm..... ° 
Dust Separating Apparatus, Comm.......... 


Economic Status of the Engineer 
Edison A.S.M.E. Reps. . 
Editor, A.S.M.E 


omm, 

Electrical Definitions, Reps. on Comm 
Electric Motor Frames, Comm.............. 
Electric Sockets and Lamp Bases, Comm 
Electric Welding, Rep. on Comm 
Electric Welding Dies, Comm............... 
Electrode Holders, Comm..... 
Elevator Safeties, 
Elevators, Safety Code, Comm.............. 
Engineering Foundation, A.S.M.E. Reps...... 
Engineering History Comm., A.S.M.E. Reps.. 
ee Registration, National Bur. of, 


A.S.M 
“Societies. “Cooperation in Safety 

Engineering Societies Employment Service, 
Engineers’ Council for Professional Develop- 


Engineers National Relief A.S.M.E. 


Evaporating Apparatus, Comm.............. 
Exhaust Systems, Rep. on Safety Comm...... 
Feedwater Studies, Boiler, Comm........ er 
Ferrous Materials, Comm 
Finance Comm. 


Floor and Wall Openings, Railings, and Toe 
Boards, Rep. on Safety Comm....... 
Fluid Flow, Velocity Measurement of, Comm... 
Forest Fire Protection, Rep. on Comm........ 
Forging and Hot Metal Stamping, Reps. on 
Safety Comm. 
Foundry Equipment and Supplies, Comm.. 
Foundry Practice, Comm 
Freeman Scholarship Comm................ 
Freeman Scholarships. See John R. Freeman 
Travel Scholarships 
Fritz Medal Board of poe A.S.M.E. Reps.. 
Fuel Oils, Reps. on Comm 
Fuels, Calorific Values, Rep. on Comm........ 
Fuels Div. 
Programs, Meetings, and Aims Comm..... 
Fusion Welding Code Requirements, Extension 
Gages, Pressure and Vacuum, Comm.......... 
Gantt Medal Board of Award, A.S.M.E. “tae 
Gas Mask Canisters, Rep. on Safety Comm.. 
Gas Producers, 
Gear Teeth, Strength of, Comm.............. 
George Westinghouse Bust Comm............ 
Glass, Safety, Rep. on Comm................ 
Graphic Arts Div., Exec. Comm............ 
Graphic Presentation, Comm................. 
Guggenheim Medal Fund, A.S.M.E. Reps 
Heating Boilers, Comm 
Holley Medal 
Holmes Safety Association, A.S.M.E. Rep..... 
Honorary Members, List of................ 
Honorary Membership, Statement 
Honors and Awards 


Hoover Medal Board of Award, A.S.M.E. Reps. 


Hose Couplings, Screw Th reads, ee 

Hydraulic Div., Exec. Comm.......... na 

Hydraulic Prime Movera, Comm... 

Industrial Aerodynamics, Comm............. 

Industrial Workers, Foundries, Protection of, 
Rep. on Safety Comm.............. 

Industrial Workers, Protection of, Rep. on 
Safety Comm. 


Industries, Education and Training for, Comm. 


RI-34 


International Electrotechnical Commission, 
Iron and Steel Bare, Comm... 
Iron and Steel Div., Exec. Comm............. 
John Medal Board. of Award, S.M.E. 
John R. Travel Scholarships 
Statement about .......... 


Rep 

Journal of Applied Mechanics, Exec. Comm.. 
Junior Award 

Ladders, Rep. on Safety Comm.............. 
Laundry Machinery, Rep. on Safety Comm.... 
Life Membership, Statement about.......... 
Lighting — Mills, Rep. on Safety 
Loadin Heights, Comm........... 
Local tions 

Nominating Comm. Groups of........... 

Locomotives, Boilers of, Comm.............. 
Logging Machinery, Rep. on Safety 
Low Velen Electrical Hazard, Rep. on Safety 

Comm. ....... 

Lubrication Engineering, Comm............. 
Machine Pins, Comm............ 


Machinery, Speeds of, Comm 
Machine Shop Practice Div. -» Exec. Comm..... 
Machine Tool Elements, Comm.............. 
Machine Tools, Designations and Working 
Ranges, Comm. 
Machining 
Main Award. See Charles. T. Main Award 
Management Div. 
Exec. Comm, ° 
Local Section Representatives to......... 
Management, Measures of, Comm......... pisces 
Manhole Frames and Covers, Reps. on Comm. 
Manual of Practicon 
Manual on Citizenship Comm................ 
Materials Handling Div., Exec. Comm,....... 
Material Specifications, Comm............... 
Max Toltz Loan Fund, Statement about...... 
Measures of Management, Comm............. 
Mechanical Catalog 
Mechanical Power-Transmission 
Medals, Comm. ° 
Membership Comm. See Admissions Comm. 
Melville Medal 
Metal Mines, Rep. on Safety Comm.......... 
Metals , Alloys, Non-Ferrous, 


Metals, Cutting of, Comm. 
Metals, Effect of Temperature on, Comm. 
Metals, Fatigue Phenomena of, Rep. on Comm. 
Mid-Continent Office, Location of...........- 
Mid-West Office, Location 
Miniature Boilers, 
Multiple Spindle Drilling Heads, Comm....... 
National Bureau of Engineering Registration, 
A. 
National Defense 
National Fire Waste Council, A.S.M.E. Rep... 
National Management Council, A.S.M.E. woes 


National Research Council, A.S.M.E. Reps.. 

Noble Prize, A.S.M.E. R 
Nomenclature, Machine Tools, Comm........- 
Comm., 
Non-Ferrous Materials, 
Non-Ferrous Metals and Alloys, Rep. on Comm. 
Officers, A.S.M.E. for 
Oil and Gas Power Div., Exec. Comm.......-- 
Oil Engine Power Cost Report for 1936, Comm. 
Oil Wells, Rotary Drilling Prime Movers, 


Openings, Rules for, Boiler Code Comm......- 
Paper and Pulp Mills, Rep. on Safety Comm... 
Petroleum Div., Exec. 
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Products and Lubricants, on 
Petroleum Rep. on Comm. 
and Tubing, 

pe Flanges Fittings, Comm.. 
Pipe Threads, 
Piping Systems, “Tdentification, Comm.. 
Plumbing Equipment, Comm................ 
Power Test Codes Comm., Standing.......... 
Power Test Codes Comms., Technical......... 
Power Test Codes General Instructions, Comm. 
Preferred Numbers, Rep. on Comm........... 
Presses, Rep. on Safety Comm............... 
Pressure Piping, Code for, Comm............ 
Pressure Vessels in —" Care of, Comm.. 
Pressure Vessels, Unfired 

A.P.1.-A.8.M.E. Comm. ....... 


Pressure Vessels, Welded, 
Prime Movers, Rotary Drilling, Oil Wells, 


Subcomms. 
Professional Conduct Comm............. emer 
Professional Divs. Comm., Standing......... 
Professional Divs. Exec. Comms............. 
Professional — Advisory Board on....... 
Publications 


Pumping Stations, Automatic Oil Pipe Line, 
Pumps, Centrifugal and Rotary, Comm....... 
Rating Rivers, Rep. on Comm............... 
Refrigerating Systems, Comm................ 
Refractories, Boiler Furnace, Comm......... 
Refractory Materials, Properties of, Rep. on 
cc 
Relations with Colleges Comm.............. 
Representatives on Other Activities 
A.S.M.E. 


Research Comm., Standing................. 
Research Commsa., 
Rice Memorial Comm 
Rock Drill Steels, Heat-Treatment of, Rep. on 

Comm, 
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Rotating Electrical Machinery, Rep. on Comm. 25 


Rotating Tool Shanks, Comm........... cooe B12 
Rubber Machinery, Rep. on — Comm..... 29 
Safety Comm., Standing. . 2 
St. Louis Medal. See Spirit of St. Louis Medal 
Sampling Pulverized Fuel, Comm......... 18 
Scholarships and Loan Funds, Statement about 80 
Screw Threads for Hose Couplings, Comm. 22 
Screw Threads, Standardization = Unification 
19 
Shaft Couplings, Comm.............. cose 
Sieves for Testing Purposes, Rep. on Comm... 25 
20 
Smoke Abatement Law, Comm.............. 6 
Solid Fuels, Combustion Space for, Comm.... 23 
Speed-Responsive Governors, Comm.......... 27 
Speeds of Machinery, Comm............... - 2 
Spindle Noses and Collets, Comm.......... oo 
Spirit of Saint Louis Medal 
80 
Spirit of St. Louis Board of Award.......... 5 
Splined and Splined Shafts, Comm........... 20 
Springs, Mechanical, Comm................- 17 
Standardization Comm., Standing........... 2 
Standardization Comms., Technical.......... 19 
Standards and Codes, Advisory Board on..... 4 
Standard Ton of Refrigeration, Rep. on Comm. 27 
Statistics and Manufacturing, 
24 
Steam Bellas, Critical Pressure, Comm..... 18 
Steam Boilers in Service, Care of, Comm..... 3 
Steam Engines, Reciprocating, Comm........ 26 
Steam-Generating Units, Stationary, Comm... 26 
Steam Locomotives, Comm................. 26 
Steam Power Plants, Comm................ 26 
Steam, Thermal Properties of, Comm......... 17 
Strength of Vessels, Comm................. 18 
Student Award 
Surface Qualities, Comm................... 23 
Symbols and Abbreviations 
Technical Committees, Special 
17 
7 
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Technical Committees, Standing........... se 
Technology, Advisory Board on............-- 4 
Textile Div., 8 
Textiles, Rep. on Safety Comm............. 29 

Thomas Alva Edison Foundation, A.S.M.E. 
29 

Toltz Fund, See Max Toltz Loan Fund 

Tool Holders, 20 

Trackwork Materials, Rep. on 
25 


Transmission Chains and Sprockets, Comm... 22 
Trustees for Certificates of Indebtedness 


Twist Drill Simoes, 20 
Unfired Pressure Vessels 
3 
United Engineering Trustees, Inc., A.S.M.E. 
Unwin Memorial Comm., A.S.M.E. Reps....... 30 
Ventilation, Rep. on Safety 29 
Vessels, Strength under External 
Walkway Surfaces, Rep. on Safety Comm..... 29 
Warner Medal. See Worcester Reed Warner 
Medal 
Washers, Plain and Lock, Comm............ 22 
Washington Award, A.S.M.E. Reps........... 30 
Water for Industrial Uses, Rep. on Comm..... 19 
Water Heating, Volume, Rep. on Comm....... 26 
Welded Joints, Radiographic Examination of, 
3 
Welding 
Machine Shop Practice Comm........... 6 
Welding, Electric, Rep. on Comm............ 25 


Welding Research, Bureau of, A.S.M.E. Rep... 29 
Western Society of Engineers, A.S.M.E. Reps. 30 


Westinghouse Bust Comm................... 
Window Washing, Rep. on Safety Comm...... 29 
Wire and Sheet Metal Gages, Comm.......... 22 
Wire Rope for Mines, Rep. on Comm......... 25 
Woman’s Auxiliary Scholarship............. 30 
Wood Industries Div., Exec. Comm........... & 
Wood Utilization, Rep. on Nat. Comm........ 19 
Worcester Reed Warner Medal 
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Constitution, By-Laws, and Rules of 
The American Society of 


Mechanical Engineers 
As Amended at Semi-Annual Meeting, Detroit, Mich., May 17, 1937 


Article Cl, Name and Government 


Sec. 1. The name of this Society is The American So- 
ciety of Mechanical Engineers. 

Sec. 2. The Society is a corporation, organized April 7, 
1880, and chartered under the laws of the State of New 
York, December 24, 1881. A supplemental charter* was 
issued on October 17, 1907, when the Society was consoli- 
dated with the Mechanical Engineers’ Library Association. 

The principal offices of the Society shall be in the City of 
New York. 

Sec. 3. The Society shall be governed by this Constitu- 
tion, the By-Laws, and the Rules. 


ARTICLE B1, GOVERNMENT 

Par. 1 Every question which shall come before a meeting of 
the Society or of the Council or of a committee, shall be decided by a 
majority of the votes cast, unless otherwise provided in the Con- 
stitution, the By-Laws and the Rules, or by the laws of the State of 
New York. 

Par. 2. The Rules contained in ‘‘Robert’s Rules of Order Re- 
vised’’ shall govern the Society in all cases to which they are ap- 
plicable, when not inconsistent with the By-Laws or the Rules of this 
Society. 

Article C2, Objects 

Sec. 1. The objects of this Society are to promote the 
art and science of mechanical engineering and the allied 
arts and sciences; to encourage original research; to foster 
engineering education; to advance the standards of engi- 
neering; to promote the intercourse of engineers among 
themselves and with allied technologists; and severally 
and in cooperation with other engineering and technical 
societies to broaden the usefulness of the engineering pro- 
fession. 

Sec. 2. The Society may approve or adopt any report, 
standard, code, formula, or recommended practice, but 
shall forbid and oppose the use of its name, emblem, or ini- 
tials in any commercial work or business, except to indicate 
conformity with its standards or recommended practices. 


ArTicLe B2, Purposes 
Par. 1 The objectives of the Society shall be accomplished by: 


A Advancing the theory and practice of engineering and the 
allied arts and sciences by: 

= Encouraging engineering research, tests, and other original 
work. 

(6) Encouraging the preparation of original papers on engineering 
topics. 

(c) Holding meetings for the presentation and discussion of origi- 
nal papers and participating in international engineering congresses. 

(2) Publishing papers and reports and disseminating knowledge 
and experience of value to engineers. 

(e) Developing and promulgating standards, codes, formulas, and 
recommended practices. 
= S) Offering awards and other honors to encourage contributions 

* The Supplemental Charter of October 17, 1907, also provided 

that the number of Directors shall be twenty-two (22 


to engineering; conferring awards and other honors in recognition 
of meritorious contributions to engineering. 

(g) Furthering the purposes of the Engineering Societies’ Li- 
brary, of which the Library of this Society forms a part. 

(h) Encouraging intercourse among engineers for the mutual 
exchange of knowledge and experience. 

B Enhancing the status of the engineer by: 

(a) Maintaining high technical and cultural standards for en- 
trance to the Society. 

(b) Cooperating with educational institutions in the maintenance 
of high standards of engineering education. 

(c) Requiring a high standard of ethical practice by members of 
the Society. 

(d) Aiding in the adoption of a high standard of attainment for 
the granting of the legal right to practice professional engineering. 

(e) Fostering among engineering students the study of philosophy 
and history, tradition and achievement, duties, and social functions 
of the engineering profession. 

(f) Encouraging the personal and professional development of 
young engineers. 

(g) Supporting activities looking to the increased employment of 
engineers and seeking new opportunities for engineering service. 

C Increasing the usefulness of the organized engineering profession 
by: 

(a) Cooperating with other engineering and technical societies. 

(6) Encouraging a high standard of citizenship among engineers. 

(c) Encouraging engineers to participate in public affairs. 

(dq) Cooperating with governmental agencies in engineering 
matters. 

(e) Publicity for the engineering profession through the achieve- 
ments of engineers. 


Par. 2 The closest possible cooperation with universities and 
technical schools qualified and equipped to assist in the development 
and conduct of special research work is favored and is strongly urged. 

Par. 3 Cooperative, not competitive, methods should be worked 
out with existing research laboratories and activities in other organiza- 
tions. Such cooperation could take the form of publication of papers 
and groups of papers where a definite industry desires to bring to the 
attention of engineers for the development of the industry, any 
problem or special research, without commercial bias. 

Par. 4 Each suggested research must be presented, on its in- 
dividual merit, for approval by the Council, which will in turn refer 
the matter to the appropriate authority or committee. 

Par. 5 Specific requests to the Council for solicitation of funds 
are to be accompanied with full details for proposed scope, method of 
solicitation, and budget. 

Par. 6 No contributor is to be specially favored on account of 
any contribution for a research in which he is interested and a con- 
tribution can be received only on the basis of general benefit to the 
industry. 


ArtTIcLe R2, AFFILIATED ORGANIZATIONS 


Rute 1 The Council may approve the affiliation with the 
Society of any engineering society or legally organized group of engi- 
neers whose objects are in accord with the traditions, precedents, and 
objects of this 

ews 2 The term “Affiliated with The American Society of 
Mechanical Engineers” shall be used by any society or by individual 
members of it only while the respective governing boards of both so- 
cities continue the affiliation. 

Rute 3. Affiliation with this Society of any other organization 
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shall in no wise be interpreted as interfering with the independence, 
autonomy, and self-control of that organization under its own consti- 
tution or by-laws. 

Rute 4 The Society shall not be respansible for any act of any 
affiliated society. 

Rute ‘5 Affiliation with this Society of any other organization 
may be terminated by the governing board of either giving sixty (60) 
days’ written notice to the governing board of the other. 


Article C3, Membership 


Sec. 1. The corporate membership shall consist of Fel- 
lows, Members, and Junior Members. In addition there 
shall be Honorary Members, Associates, and Student- 
members. The corporate membership shall also include 


the members of the present Associate-Member grade until 


this grade is automatically eliminated.* 


Sec. 2. The rights and privileges of every member shall 
be personal to himself and shall not be transferable except 
that each corporate member shall be entitled to vote on 
any question before the Society either in person or by a 
proxy given to a corporate member. 

Sec. 3. Every person admitted to membership shall be 
subject to the Constitution of the Society, and to any 
amendments that may be made from time to time. 


ARTICLE B3, MEMBERSHIP 


Par. 1 The Council shall have power by resolution from time 
to time, to fix the number of Honorary Members. 

Par. 2. A proxy may be given to a member entitled to vote, but 
shall not be valid for more than six (6) months. Such proxy shall 
be signed, with an attesting witness, by the member giving it and 
shall be submitted to the Secretary for verification of the right of 
the member to vote at the meeting at which the proxy is to be used. 

Par. 3 Proffered resignations shall be presented to the Council 
for action, and shall be accepted if the requirements have been met. 
Each resignation presented to the Council after the fiscal year has 
commenced (October first) must be accompanied by a statement from 
the Seeretary that the member has paid his dues up to and including 
the expired portion of the current fiscal year, unless such resignation 
is presented by January first, when no payment of current dues 
shall be required 

ARTICLE R3, MEMBERSHIP 


Rute 1 Each member shall be entitled to a certificate of mem- 
bership, signed by the President and the Secretary of the Society; it 
shall remain the property of the Society and be returned on demand. 
Each member requesting a certificate shall pay the cost of engrossing. 

Rue 2 Abbreviations of the titles to be used by members are 
as follows: 


Rute 3 Each member shall be entitled to wear the emblem 
approved by the Council for his grade of membership. 

Rute 4 Each member desiring to resign shall deposit with the 
Secretary any badge and certificate of membership in his possession, 
and upon acceptance of his resignation the Secretary shall make him 
the stipulated refund for his badge. 


Article C4, Qualifications for Admission 
Sec. 1. Members of all grades shall be elected by the 
Council. 

Sec. 2. An Honorary Member shall be a person of ac- 
knowledged professional eminence. 

Sec. 3. A Fellow shall be an engineer who shall have dis- 
tinct engineering attainments, twenty-five (25) years of 
active practice in the profession of engineering or teaching 
of engineering in a school of accepted standing, and shall 
have been thirteen (13) years in the grade of Member, or 


* Underlined subject matter is to be eliminated by act of Council 
without ballot of membership when the transition to the new scheme 
of membership grades is completed. 
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Associate-Member, or ten (10) years in the former Member 


grade.* Graduation from an engineering school of ac- 


cepted standing shall be considered equivalent to four (4) 
years of active practice. 

Sec. 4. An engineer lacking the qualifications of Section 
3 who has distinguished engineering or scientific attain- 
ments may be elected a Fellow by unanimous vote of Coun- 
cil members voting. 

Sec. 5. A Member shall be an engineer or teacher of 
engineering who shall have reached the age of thirty (30) 
years and who shall have had nine (9) years active practice 
in the profession of engineering or teaching, three (3) 
years of which shall have been in a position of responsible 
charge of important work and who is qualified to design as 
well as direct such work. Graduation from a school of 
engineering of accepted standing shall be considered 
equivalent to four (4) years of active practice. 

Sec. 5(A). All present Associate-Members as of the date 


this Section is declared in effect and who shall have reached 


the age of thirty (50) years shall automatically be trans- 
ferred to the grade of Member without fee or application, 
and those Associate-Members under thirty (30) years of 


age shall be transferred similarly as they reach the age of 


thirty (30) years.* 


Sec. 6. An Associate need not be an engineer but must 
have a record of recognized leadership in some profession, 
or branch of industry, or science relating to engineering, 
and shall be qualified to cooperate with engineers in the 
practice of their profession and he must be at least thirty 
(30) years of age. 

Sec. 7. A Junior Member shall be a graduate of a school 
of engineering of accepted standing or one who has equiva- 
lent attainments. 

Sec. 8. A Student-member shall be a student regularly 
enrolled and pursuing an approved engineering curricu- 
lum in a school having a Student Branch of this Society. 


ARTICLE B4, QUALIFICATIONS FOR ADMISSION 


Par. 1 A candidate for admission to the Society in any grade, 
except Honorary Membership, or a member desiring to change his 
grade, shall make application to the Council on an approved form. 

Par. 2. Fifteen (15) affirmative votes of the Council shall be 
required for the election of a candidate for any grade except Honor- 
ary Membership. Two (2) negative votes shall defeat an election. 

Par. 3 Each approved candidate shall be assigned by the Coun- 
cil to the grade of membership to which, in its judgment, his qualifica- 
tions entitle him. 

Par. 4 Nomination for Honorary Membership may be made to 
the Council by at least twenty-five (25) members of the Society, 
who shall in all cases state in writing the grounds upon which the 
nomination is made. 

Par. 5 Election to Honorary Membership shall be by letter- 
ballot of the Council. Ballots shall be mailed by the Secretary to 
each member of the Council at least sixty (60) days in advance of 
the date set for the closure of such election. One (1) negative vote 
shall defeat an election to Honorary Membership. 

Par. 6 All matters relating to admissions to and promotions in 
membership shall be in charge of the Standing Committee on Ad- 
missions, under the direction of the Council. 

Par. 7 A Student-member may participate in all the activities of 
the Society but shall not be permitted to vote or hold an elective 
office except in the Student Branch located at the college of which 
he is a student. 


* Underlined subject matter is to be eliminated by act of Council 
without ballot of membership, when the transition to the new scheme 
of membership grades is completed. 
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Par. 8 A Student-member shall not remain in this grade beyond 
the end of the Society’s fiscal year in which he terminates his enroll- 
ment as a student. 


ARTICLE R4, QUALIFICATIONS FOR ADMISSION 


Rute 1 A candidate for admission to the Society as a Fellow, a 
Member, or an Associate, should refer to at least five (5) members 
who have personal knowledge of his qualifications and the grade of 
reference - all be as follows: 

For Fellow, at least one (1) Fellow and the remainder Members 

For Member, at least five (5) Fellows or Members 

For Associate, at least three (3) Fellows or Members and the re- 

mainder Associates. 

Rue 2 A candidate for admission to the Society as a Junior 
Member should refer to at least three (3) members who have personal 
knowledge of his qualifications, at least one of whom shall be a 
Fellow, Member, or Associate. 

Rute 3 A candidate for admission to the Society as a Student- 
member must be endorsed by the Honorary Ch: airman in office at 
the Student Branch located at the college where he is a student. 

Rute 4 An application for membership from a candidate who 
may not be able to give the necessary number of references may be 
recommended to the Council for ballot after sufficient evidence has 
been secured to show that the candidate is worthy of admission to 
membership. Such candidates may refer to officers or voting members 
of other societies of like standing. 

Rute 5 An application may be referred by the Committee on 
Admissions to the executive committee of the Local Section to which 
the applicant would be logically attached, for information and com- 
ment by such local committee. If, after a period of twenty (20) 
days, no comment is received from the local committee, the C Pd 
on Admissions will proceed with the consideration of the application. 

Rute 6 The references for each candidate shall be requested to 
make such confidential communications to the Committee on Ad- 
missions as will enable it to arrive at a proper estimate of the eligibility 
of the candidate. 

Rute 7 The Committee on Admissions shall report to each ses- 
sion of the Council the names of all candidates together with the 
recommendation on each. The Committee on Admissions shall 
meet monthly to receive and scrutinize applications, and shall 
seek further information as to the qualification of a candidate whose 
evidence of eligibility is not clear to them. 

Rute 8 All confidential correspondence in relation to each candi- 
date shall be destroyed by the administrative officer in charge of 
membership admissions within a reasonable period after acceptance 
of election by payment of the initiation or promotion fees and dues. 

Rute 9 The Secretary shall mail to each member of the Coun- 
cil a ballot of the names and respective grades of the candidates for 
membership approved by the Committee on Admissions after having 
been duly posted in the publications of the Society. The voter shall 
prepare his ballot by crossing out the name of any candidate re- 
jected by him, and shall enclose the ballot in an envelope and seal it. 
He shali enclose this env elope in a second envelope and sign it for 
identification. A ballot without the autographic endorsement of the 
voter on the outer envelope is defective and shall be rejected. 

Rute 10 The Secretary shall count the ballots cast by the Coun- 
cil for election of new members, notify the applicants of their elec- 
tion, and regularly report the results of the ballot at the Council 
meeting next following each election. The names of applicants who 
are not elected shall neither be announced nor recorded. 


Article C5, Fees and Dues 


Sec..1. Initiation Fees: 
Honorary Member...................... None 
Student-Member....................... None 
Promotion Fees: 
From Member to Fellow................ 5 
From Junior Member to Member or As- 
(Except that an applicant under the 
age of 33 who has been a Junior 
Member in good standing for five 
consecutive years may be promoted 
without fee.) 
From Student-member to Junior Mem- 


Sec. 2. The annual dues for membership in each grade 


shall be: 
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$25 
Associate-Member..................... 20* 
Junior Member until reaching the age of 
Junior Member between the ages of 30 
Junior Member after reaching the age of 


Student-member ...as provided in the By-Laws 


Sec. 3. The Council may permit any Fellow, Member, or 
Associate to become a life member in the same grade. 

Sec. 4. The Council may remit the dues of any member 
for any special reason. 


ArTICLE B5, Fees anp 


Par. 1 The initiation fee and that part of the annual dues from 
the first month following the date of election to the first day of 
October, shall be due and payable on the first day of the month 
following the date of election. Only upon the payment of this amount 
shall the person elected be entitled to the rights and privileges of 
membership in the grade to which he is assigned. If such person 
does not comply with this requirement within three (3) months after 
notice of his election, the Council may declare his election void. 

Par. 2. The annual dues for each ensuing year shall be due and 
payable in advance on the first day of October. 

Par. 3. A bill for annual dues shall be mailed to each member by 
October first of each year. Notice of arrears shall be sent thereafter, 
as directed by the Council. 

Par. 4 At its first meeting in the calendar year the Secretary 
shall submit to the Council a list of members whose dues have re- 
mained unpaid for three (3) months. The Council may order the 
withholding of the publications for such delinquents. 

Par. 5 At its first meeting after the close of the fiscal year on 
September thirtieth, the Secretary shall submit to the Council a 
list of members whose dues have remained unpaid for twelve (12) 
months. Such delinquents shall, in the discretion of the Council, be 
stricken from the roll of membership and shall cease to have any 
further rights as members. 

Par. 6 If, in the case of non-payment of dues, the right to receive 
the publications of the Society or to vote be questioned, the books 
of the Society shall be conclusive evidence. 

Par. 7 The Council may temporarily excuse from payment of 
annual dues any member who from ill health, advanced age or 
good reason assigned is unable to pay such dues; and the Council 
may remit the whole or part of dues in arrears, or accept in lieu 
thereof desirable additions to the Library, or collections. 

Par. 8 The Council may restore to membership any person 
dropped from the rolls for non-payment of dues or otherwise, upon 
such conditions as it may deem best. 

Par. 9 The annual dues for a Student-membe: shall be $3.00 
for the fiscal year beginning October first. Eight issues of Mechani- 
cal Engineering, October to May inclusive, shall be included in the 
dues for a Student-member. 

Par. 10 For distinguished service to the Society, the Council 
may confer life membership upon any Fellow or Member. Proposal 
for such action must be made at a regular meeting of the Council. 
Immediately following that meeting, the Secretary shall send to the 
members of the Council a letter ballot upon the proposal, this ballot 
to close in sixty (60) days. Fifteen (15) affirmative votes shall be 
required to approve and one (1) dissenting vote shall disapprove such 
proposal, 

Par. 11 A Fellow, Member, or Associate may become a Life 
Fellow, Life Member, or Life Associate by paying the Society at one 
time the present worth of an annuity equal to that member’s dues 
for the period for which he is required to pay dues. 

Par. 12 The Council shall confer life membership upon any 

* Underlined subject matter is to be eliminated by act of Council 


without ballot of membership when the transition to the new scheme 
of membership grades is completed. 
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Fellow, Member, or Associate of the Society who has paid dues for 
thirty-five (35) years, or who shall have reached the age of seventy 
(70) years after having paid dues for thirty (30) years (Student-mem- 
bership years not included). 


ArtIcLe R5, Fees anp 

Rute 1 A Student-member recommended by the Honorary 
Chairman of his Student Branch may be elected by Council to Junior 
membership, the election being subject to his graduation. The pay- 
ment of dues for one year as Junior Member, at any time prior to 
September thirtieth following his graduation shall constitute accept- 
ance of election and shall give him all the rights and privileges of the 
Junior Member grade from the date of such payment to October first 
of the following year. 

Rute 2 Such payment may be divided, the Student-member pay- 
ing only the initial quarter’s dues ($2.50) at the time of election and 
the remaining three-quarters of the dues ($7.50) shall be due on Sep- 
tember thirtieth. 


Article C6, The Council (Directors) 

Sec. 1. The affairs of the Society shall be managed by a 
Board of Directors, chosen from its membership and styled 
“The Council”? which shall have full control of the activi- 
ties of the Society, subject to the limitations of the Consti- 
tution and the results of letter ballots (Article B9, Par. 4 
and Article B6, Par. 3). 

Sec. 2. The Directors of the Society shall consist of a 
President, seven (7) Vice-Presidents, nine (9) Managers, 
and the last five (5) surviving Past-Presidents. 

Sec. 3 The Directors may at any time, whenever suf- 
ficient cause shall appear to them, delegate to any corpo- 
rate member of the Society the performance of any duties 
required by the Constitution to be performed by any Di- 
rector. 

Sec. 4. The Council shall meet immediately after the 
close of the Annual Meeting of the Society, at such other 
times as the Council may select, and at the call of the 
President. Eight members shall constitute a quorum of 
the Council. 

Sec. 5. The Council shall present at the Annual Meet- 
ing of the Society a report verified by the President and the 
Treasurer or by twelve (12) members of the Council, show- 
ing the whole amount of real and personal property owned 
by the Society, where located, and where and how invested, 
and the amount and nature of the property acquired dur- 
ing the year immediately preceding the date of the report, 
and the manner of the acquisition; the amount applied, 
appropriated, or expended during the year immediately 
preceding such date, and the purpose, object, or persons to 
or for which such applications, appropriations, or expendi- 
tures have been made; also a report verified by the Secre- 
tary, giving the names and places of residence of the per- 
sons who have been admitted into membership in the 
Society during the year. 

These reports shall be filed with the records of the 
Society, and an abstract shall be entered in the minutes of 
the proceedings of the Annual Meeting of the Society. 


ArTICLE B6, THe CouNcIL 


Par. 1 The Council shall consider the failure of any incumbent, 
from inability or otherwise, to perform the duties of his office, and 
may, by a two-thirds vote, decree any elective office vacant. The 
Council shall thereupon appoint a member to fill the vacancy until 
the next election of officers, except for the office of the President, 
which shall be filled by the Vice-President serving his second year, 
who is senior by length of membership in the Society. Such appoint- 
ment shall not render the appointee ineligible for election to any 
office. 

Par. 2 An act of the Council which shall have received the 
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expressed or implied sanction of the membership at the following 
meeting of the Society, shall be deemed to be an act of the Society 
and cannot afterward be impeached by any member. 

Par. 3. The Council shall order the submission to the member- 
ship for decision by letter-ballot of any question of major impor- 
tance involving a. departure from usual custom. The Council shall 
appoint tellers to canvass such a ballot, the result of which shall 
be binding. 


ArTICLE B6A, STANDING AND SPECIAL COMMITTEES 


Par. 1 The Council shall at its first meeting of each year appoint 
from among its members an Executive Committee. Such committee 
shall consist of the President, two Vice-Presidents, and two Managers, 
with voting power; also the Chairman of the Finance Committee, the 
Chairman of the Committee on Professional Divisions and the Chair- 
man of the Local Sections Committee, without voting power. During 
the intervals between sessions of the Council, the Executive Com- 
mittee shall have and exercise all the general powers of the Council, 
except the power to fill vacancies in the Council, or to amend the 
By-Laws. The committee shall meet at the call of the President. The 
Secretary may take part in the deliberations of the Executive Com- 
mittee, without vote. The Executive Committee shall keep minutes 
of its proceedings which shall be promptly reported to each member 
of the Council for approval. 

Par. 2 Upon the recommendation of a business meeting of the 
Society or upon its own initiative, the Council shall have the power 
to appoint, as it may deem desirable, an Administrative Committee 
to assist in the conduct of the affairs of the Society. Any proposed 
expenditure of such a committee must be authorized by the Coun- 
cil before it is incurred. 

Par. 3 Upon the recommendation of a business meeting of the 
Society or upon its own initiative, the Council shall have the power 
to appoint, as it may deem desirable, any Professional Committee 
to investigate and report upon a subject of engineering interest, 
except that the procedure of the American Standards Association 
shall be followed in organizing Sectional Committees. (See Para- 
graphs 10 and 11 of Article B6B.) Any proposed expenditure of such 
a committee must be authorized by the Council before it is incurred. 

Par. 4 Administrative and Professional Committees shall be 
standing or special, as the By-Laws and Rules provide and the 
Council approves. The Chairmen of Standing Committees shall be 
entitled to a seat in the Council, but no vote. The term of office of 
one (1) member of each Standing Committee shall expire at the 
close of each Annual Meeting. 

Par. 5 Each committee shall perform the duties required by the 
By-Laws and Rules, or assigned to it by the Council. 

Par. 6 The Council may terminate membership on any com- 
mittee on account of continued absence of the member, from inability 
or otherwise. 

Par. 7 The President shall appoint a member to fill each vacancy 
in the Standing Committees. 

Par. 8 Each committee shall at its first meeting elect a Chairman 
to serve for one (1) year. 

Par. 9 A member of a Standing Committee whose term of 
office has expired, shall continue to serve until his successor has been 
elected or appointed. 

Par. 10 On or before the fifteenth day of October of each year, 
each Standing Committee shall deliver to the Secretary a written 
report of its work for presentation to the Council. The Council 
may embody such report in its Annual Report. 

Par. 11 On or before the fifteenth day of October of each year, 
each Special Committee shall deliver a written progress report to 
the Secretary for presentation to the Council. Upon receipt of this 
report, the Council may, in its discretion, continue the committee. 

The committee shall be discharged upon the adoption of the final 
report. 

Par. 12 The Standing Committee on Finance shall, under the 
direction of the Council, have supervision of the financial affairs of 
the Society, including the books of account. The Committee shall 
consist of five (5) members of the Society, the term of one (1) mem- 
ber expiring at the close of each Annual Meeting, and two (2) mem- 
bers of the Council, the term of one (1) member expiring at the close 
of each Annual Meeting. 
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Par. 13 The Standing Committee on Meetings and Program 
shall, under the direction of the Council, have supervision of the 
Meetings of the Society, except business meetings. The Committee 
shall consist of five (5) members, and the term of one (1) member 
shall expire at the close of each Annual Meeting. 

Par. 14 The Standing Committee on Publications shall, under 
the direction of the Council, have supervision of the publications of 
the Society. The Committee shall consist of five (5) members and the 
term of one (1) member shall expire at the close of each Annual Meet- 
ing. 

Par. 15 The Standing Committee on Admissions shall deter- 
mine the eligibility of applicants for membership, and for transfer in 
membership grades, and shall make recommendation to the Council 
on each. The Committee shall consist of five (5) members and the 
term of one member shall expire at the close of each Annual Meeting. 

Par. 16 The Standing Committee on Professional Divisions shall, 
under the direction of the Council, have supervision of the Professional 
Divisions of the Society. The Committee shall consist of five (5) 
members and the term of one (1) member shall expire at the close of 
each Annual Meeting. 

Par. 17 The Standing Committee on Local Sections shall, 
under the direction of the Council, have supervision of the Local 
Sections of the Society. The Committee shall consist of five (5) mem- 
bers and the term of one (1) member shall expire at the close of each 
Annual Meeting. 

Par. 18 The Standing Committee on Constitution and By-Laws 
shall, under the direction of the Council, have supervision of matters 
affecting the Constitution, By-Laws and Rules, and shall report on 
all matters in this connection referred to it by the Council. The 
Committee shall consist of five (5) members and the term of one (1) 
member shall expire at the close of each Annual Meeting. 

Par. 19 The Standing Committee, designated as the Board of 
Honors and Awards shall, under the direction of the Council, have 
supervision of the awards of the Society as detailed in the Rules or 
prescribed by the Council. Recommendations for representatives of 
joint bodies of award shall be made to the Council by this Board. 
The Board shall consist of five (5) members and the term of one (1) 
member shall expire at the close of each Annual Meeting. 

Par. 20 The Standing Committee on Relations With Colleges 
shall, under the direction of the Council, have supervision of the 
Student Branches of the Society and of such work of the Society as 
aims to further the education of engineers through the colleges and 
schools of accepted standing. The Committee shall consist of five 
(5) members and the term of one (1) member shall expire at the close 
of each Annual Meeting. 

Par. 21 The Standing Committee on Education and Training 
for the Industries shall, under the direction of the Council, have 
supervision of such work of the Society as deals with education and 
training for the industries through agencies other than the colleges 
and engineering schools. The Committee shall consist of five (5) 
members and the term of one (1) member shall expire at the close of 
each Annual Meeting. 

Par. 22 There shall be a Standing Committee on Library, which 
shall represent the Society on the Library Board of the United 
Engineering Trustees, Inc. The number of members of this Com- 
mittee and their terms of office shall be as required by the by-laws 
of the United Engineering Trustees, Inc. 

Par. 23 The Standing Committee on Standardization shall ad- 
vise the Council on the dimensional standardization work of the 
Society, including relations with the American Standards Association. 
The Committee shall consist of five (5) members and the term of 
one (1) member shall expire at the close of each Annual Meeting. 

Par. 24 The Standing Committee on Research shall advise the 
Council on the research work of the Society. The Committee shall 
consist of five (5) members and the term of one (1) member shall ex- 
pire at the close of each Annual Meeting. 

Par. 25 The Standing Committee on Safety shall advise the 
Council on the activities of the Society having to do with engineer- 
ing and industrial safety, except the activities of the Boiler Code 
Committee, for which special provision is made. This Committee 
shall consist of five (5) members and the term of one (1) member 
shall expire at the close of each Annual Meeting. 

Par. 26 The Special Committee on Boiler Code shall, under the 
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direction of the Councii, have supervision of all the activities of the 
Society in connection with the A.S.M.E. Codes for Pressure Vessels, 
including the interpretations of these codes. The Committee shall 
be appointed by the President and confirmed by the Council, and 
the President shall fill all vacancies in the Committee. 

Par. 27 The Standing Committee on Power Test Codes shall, 
under the direction of the Council, have supervision of all the ac- 
tivities of the Society in connection with the A.S.M.E. Power Test 
Codes, including the interpretation of such codes. The Committee 
shall consist of twenty-five (25) members and the terms of five (5) 
members shall expire at the close of each Annual Meeting. 

Par. 28 The Standing Committee on Professional Conduct shall, 
under the direction of the Council, have supervision of all matters 
relating to the Code of Ethics and its enforcement. The Committee 
shall consist of five (5) members and the term of one (1) mem- 
ber shall expire at the close of each Annual Meeting. 


B6B, Society REPRESENTATION 


Par. 1 The Council may, in its discretion, appoint a member or 
members, or other person or persons, to represent it at meetings of 
societies of kindred aim or at public functions. Such delegates shall 
be designated as ‘‘Honorary Vice-Presidents,’’ and their duties shall 
terminate with the occasion for which they are appointed. 

Par. 2. The President, subject to the approval of the Council, 
may nominate or appoint a member or members, or other person or 
persons, to represent the Society on professional or other committees 
organized by other societies or by Government departments or bur- 
eaus, or otherwise. 

Par. 3 The Council shall elect three (3) Trustees to serve on the 
Board of Trustees of the United Engineering Trustees, Inc., as re- 
quired in the by-laws of that body. 

Par. 4 The Council shall appoint delegates to serve on the Ameri- 
can Engineering Council as required in the by-laws of that body. 
If the number of delegates required to serve is at variance with the 
number elected or in office, the Council of the Society is empowered 
to make adjustments necessary. The President of the Society in 
office shall be the Chairman of the delegation of this Society to the 
meetings of the American Engineering Council, and the Chairman of 
the A.S.M.E. representatives on the Executive Board. 

Par. 5 The Council shall designate the Standing Committee on 
Library to serve as the Society’s representatives on the Library Board 
of the United Engineering Trustees, Inc., as required in the by- 
laws of that body. 

Par. 6 The Council shall nominate to the United Engineering 
Trustees, Inc., two (2) members of the Society to serve on the 
Engineering Foundation as required in the by-laws of that body. 

Par. 7 The Council shall appoint such number of members to 
represent the Society on the following agencies as may be required 
by the by-laws of those bodies, namely: John Fritz Medal Board of 
Award, Washington Award Commission of the Western Society ot 
Engineers, Gantt Medal Board of Award, Daniel Guggenheim 
Medal Fund, Inc., Hoover Medal Board of Award, Alfred Noble 
Prize. 

Par. 8 The Council shall nominate three (3) members to repre- 
sent the Society on the Division of Engineering of the National Re- 
search Council as required in the by-laws of that body. 

Par. 9 The Council shall appoint three (3) members of the So- 
ciety to represent the Society on the Engineers’ Council for Pro- 
fessional Development. 

Par. 10 The Council shall designate such number of members to 
represent the Society on the American Standards Association as may 
be required by the constitution of that body. 

Par. 11 The representatives of the Society on Sectional 
Committees, organized under the rules of the American Stand- 
ards Association, shall be appointed by the President, subject to 
the approval of the Council. 


Article C7, Election of Directors 


Sec. 1. The membership of the Society shall elect annu- 
ally a Regular Nominating Committee, whose duty shall 
be to select candidates for the executive offices to be filled 
at each annual election. 
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Sec. 2. Other nominating committees having the same 
powers may be constituted by the membership of the 
Society. 

Sec. 3. The Directors shall be elected at the Annual 
Meeting of the Society, on the first Tuesday in December, 
as provided in the Charter. 

The election shall be by sealed letter-ballot of the mem- 
bership. 

Sec. 4. The President shall be elected for one (1) year, 
the Vice-Presidents for two (2) years, the Managers for 
three (3) years. The Council shall have power to fill 
vacancies in its membership by appointment until the 
next election, except that the office of president shall be 
filled by the vice-president who is senior by length of mem- 
bership in the Society. 


ARTICLE B7, ELection or Directors 


Par. 1 The Regular Nominating Committee of the Society shall 
consist of seven (7) members with seven (7) alternates elected at the 
Annual Meeting. The Chairman of the outgoing Nominating Com- 
mittee shall serve as an advisory member, without vote, and the Sec- 
retary of the outgoing Committee may serve as alternate for him. 

Par. 2. The members and alternates of the Regular Nominating 
Committee shall be elected for one (1) year, and no member or alter- 
nate shall be eligible for more than two (2) consecutive terms. Serv- 
ing as an alternate shall not affect the eligibility of a member to serve 
on the committee for two (2) terms. 

Par. 3 For the purpose of nominating members of the Regular 
Nominating Committee, the Council shall, on or before the first day 
of October of each year, associate the Local Sections into seven (7) 
groups, each group to be responsible for nominating one (1) member 
of the Committee. The Sections which will comprise these groups 
shall, as far as possible, be contiguous geographically to each other. 

Par. 4 The names of those elected to serve on the Regular Nomi- 
nating Committee shall be published by the Secretary by the first 
week in February of each year, accompanied by a request for sugges- 
tions for nominees. 

Par. 5 A vacancy in a Regular Nominating Committee of the 
Society shall be filled by the alternate for that vacancy, or failing 
that, shall be filled by the Council. 

Par. 6 A Special Nominating Committee may be organized by 
any group of one (1) per cent of the membership of the Society in good 
standing certifying to the Secretary in writing their joint intention 
to organize such a Committee. 

Par. 7 Within two weeks following the Semi-Annual Meeting, 
the Regular Nominating Committee shall deliver to the Secretary in 
writing the names of its nominees for the elective offices to be filled 
at the next election, together with the written consents of the nomi- 
nees. 

Par. 8 The names and qualifications of nominees for the various 
offices proposed by the Regular Nominating Committee shall be 
published by the Secretary immediately after the receipt of the 
report of the Nominating Committee. 

Par. 9 Candidates for the office of President and of Vice-Presi- 
dent shall be of the grade of Fellow or of Member of the Society 
Candidates for all other elective offices may be of any grade of cor- 
porate membership. 

Par. 10 Names of any nominees presented by any Special Nomi- 
nating Committee must be in the hands of the Secretary by the first 
Tuesday in August of each year, and must be accompanied by the 
written consent of each nominee. 

Par. 11 On or before the third Thursday in August of each year, 
the Secretary shall mail to each member entitled to vote a ballot 
stating the names of the candidates for the elective offices to be 
filled at the next election. 

Par. 12 Voting for the election of Directors shall close at the City 
of New York at 10 o’clock in the forenoon on the fourth Tuesday in 
September in each year, and the ballots shall be canvassed. 

Par. 13. On or before the third Thursday in August of each year, 
the President shall appoint three (3) Tellers of Election of Directors, 
whose duty it shall be to canvass the votes cast. The term of 
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office of the Tellers shall expire when their report of the canvass 
has been presented and accepted. 

Par. 14 By the first day of October, the Secretary shall notify 
the candidates having the greatest number of votes for their re- 
spective offices. 

Par. 15 The Directors shall be declared elected by the Pre- 
siding Officer at the Annual Meeting of the Society in December, 
and their terms of office shall begin on the adjournment of the Annual 
Meeting. 

Par. 16 If a tie occurs in the vote for any officer, the Presiding 
Officer at the Annual Meeting shall cast the deciding vote. 

Par. 17 In the election of the Vice-Presidents, three (3) shall be 
elected every other year and four (4) the alternate years to serve for 
two (2) years. 

Par. 18_ In the election of the Managers, three (3) shall be elected 
each year to serve for three (3) years. 

Par. 19 A member in office shall not be eligible for immediate re- 
election to the same office at the expiration of the term for which 
he was elected, except the Secretary and the Treasurer. 

Par. 20 Members in office shall continue in their respective 
offices until their successors have been elected or appointed, and 
have accepted their offices. 


ArTICLE R7, ELecrion or Direcrors 


Reu.e 1 The Chairman of the Committee on Local Sections, or in 
his absence, the senior member of the Committee, shall preside at the 
Conference of Group Representatives at the time action is taken on 
the Regular Nominating Committee. 

Rute 2 At the business session of the Annual Meeting of the 
Society, the Chairman of the Committee on Local Sections shall pre- 
sent names recommended by the conference for the Regular Nominat- 
ing Committee 

Rute 3 The names of the candidates proposed by the Regular 
Nominating Committee and by any other nominating committee, 
and the respective offices for which they are candidates, shall be 
printed in separate lists on the same ballot sheet, each list of candi- 
dates to be printed under the names of the members of the particular 
committee which proposed it. 

Rue 4 Each list of names shall contain the name of only one 
(1) candidate for the office of President. For any other office than 
President, there may be more than one (1) candidate. 

Rute 5 In the election of Directors, the voter shall prepare his 
ballot by crossing out the name of any candidate or candidates re- 
jected by him and may write in the name of any eligible member of 
the Society, and shall enclose the ballot in an envelope and seal it. 
He shall then enclose this envelope in a second envelope marked 
‘Ballot for Directors’’ and seal it, and he shall then write his name 
thereon for identification. 

Rute 6 The Tellers shall not receive any ballot after the 
stated time for the closure of the voting. 

Rvu_e 7 The Secretary shall certify to the competency and 
signature of all voters. 

Rute 8 The Tellers shall open and destroy the outer envelopes 
and then open the inner envelopes and canvass the results. 

Rute 9 A ballot without the autographic endorsement of the 
voter on the outside envelope is defective and shall be rejected by 
the Tellers of Election. 

Rute 10 A ballot containing more names than there are offices 
to be filled is defective and shall be rejected by the Tellers. 

Rue 11 In counting the ballots for officers, the Tellers shall 
consider a ballot for any officer as valid providing the intent of the 
voter as to that particular office is clear, even though his ballot as to 
candidates for another office may for any reason be invalid. 


Article C8, Officers 


Sec. 1. The Officers of the Society shall consist of the 
President, the Vice-Presidents, the Secretary, and the 
Treasurer. 

Sec. 2. At its first meeting after the Annual Meeting 
of the Society the Council shall appoint members of the 
Society to serve as Secretary and as Treasurer for one (1) 
year. 

Sec. 3. Any vacancy in the office of Secretary or Treas- 
urer shall be filled by appointment by the Council. 


B8 OFFICERS 


Par. 1 The Officers shall perform the duties regularly or cus- 
tomarily attaching to their offices under the laws of the State of 
New York, and such other duties as may be required of them by 
the Council or the By-Laws. 

Par. 2 In the absence of the President his duties shall be per- 
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formed by the Vice-President then present, who is serving his 
second year and is senior by length of membership in the Society, 
or in his absence or any other disability, by any other member of 
the Council designated by the Council. 

Par. 3 The Secretary and the Treasurer shall take part in the 
delibérations of the Council but shall have no vote therein. 

Par. 4 The Treasurer shall be the legal custodian of all funds of 
the Society. The investment of all trust funds and of other permanent 
or temporary investment of funds shall be made by the Treasurer 
with the approval of the Finance Committee and the Council. 

Par. 5 In the absence of the Treasurer his duties shall be per- 
formed by any other officer of the Society designated by the Council. 

Par. 6 The Secretary of the Society shall be the Secretary of the 
Council and of each of the committees. 

Par. 7 The Secretary shall receive a salary which shall be fixed 
by the Council. 

Par. 8 Any officer may be subject to removal for cause by a vote 
of fifteen (15) members of the Council at any time, after one (1) 
month’s written notice has been given him to show cause why hs 
should not be removed, and after he has been heard in his own de- 
fense, if he so desires. 


R8, SecreTARY'’s OFFICE 


Rute 1 The office of the Secretary shall be open on business 
days from 9 a.m. to 5 p.m.; on Saturdays from 9 a.m. to 1 p.m. 

Rue 2. The Secretary shall establish and enforce rules for the 
conduct of the busine«aeof his office. 

Rute 3 The Secretary shall have charge of the rooms of the 
Society and furnishings, the historical relics and objects of art, and 
shall make suitable recommendations to the Council for their care 
and use. 


Article C9, Meetings of the Society 


Sec. 1. The Annual Meeting of the Society shall be held 
at such time and place as the Council shall appoint, pro- 
vided it begins in the City of New York and continues there 
during the annual election of directors, held on the first 
Tuesday in December. 

Sec. 2. The Semi-Annual Meeting of the Society shall 
be held at such time and place as the Council shall ap- 
point. 

Sec. 3. A special business meeting of the Society may be 
called at any time and place at the discretion of the Coun- 
cil, or shall be called by the Secretary upon the written re- 
quest of at least one (1) per cent of the membership. 

The call for the meeting shall be issued at least thirty 
(30) days prior to the date set for it, and shall state the 
business to be considered. No other business shall be 
transacted at the meeting. 

Sec. 4. There shall be a business meeting of the Society 
during the Annual Meeting and during the Semi-Annual 
Meeting. At business meetings fifty (50) corporate mem- 
bers shall constitute a quorum. 

Sec. 5. An action of a business meeting of the Society 
shall be deemed an action of the Society as a whole. Any 
expenditure required by such action is subject to approval 
and authorization by the Council. 

Sec. 6. A General Meeting of the Society, primarily for 
the presentation and discussion of technical papers, may 
be held at such time and place as the Council shall ap- 
point. 

ARTICLE B9, MEETINGS OF THE SOCIETY 

Par. 1 An Annual Meeting may be adjourned to any other city 
than the City of New York upon the recommendation of the Com- 
mittee on Meetings and Program, and upon authorization by the 
Council. 

Par. 2 A Semi-Annual Meeting shall be held upon the recommen- 
dation of the Committee on Local Sections, confirmed by the Com- 
mittee on Meetings and Program, and authorized by the Council at 
its regular meeting at the previous Semi-Annual Meeting. 

Par.3 A General Meeting shall be held upon the recommendation 
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of the Committee on Local Sections, confirmed by the Committee on 
Meetings and Program, and authorized by the Council. 

Par. 4 Any business meeting of the Society at which a quorum is 
present may order the submission of any question to the membership 
for letter-ballot, and the result of the ballot shall be binding. 

Par. 5 Announcements of all Meetings of the Society shall be 
made in the publications. A notice of each meeting shall be given 
by the Secretary to each member not less than thirty (30) days be- 
fore the date of that meeting. 

Par. 6 All Meetings of the Society, except business meetings, 
shall be in charge of the Committee on Meetings and Program, under 
the direction of the Council. 


ARTICLE R9, MEETINGS OF THE SOCIETY 
Rute 1 Subject to the approval of the Committee on Meetings 
and Program, any Local Sections participating in the conduct of a 
Semi-Annual or General Meeting shall appoint the necessary special 
local committees which shall function under the direction of the Com- 
mittee on Meetings and Program. 


Article C10, Professional Divisions 


Sec. 1. The Council may authorize the organization of 
Professional Divisions composed of members of any or all 
grades which shall operate under the provisions of the 
Constitution, By-Laws, and Rules. 


ARTICLE B10, ProresstonaL Divisions 


Par. 1 The object of each Professional Division shall be to pro- 
vide, through an organization of members of any or all grades par- 
ticularly interested in a branch of engineering included in the scope 
of the Society’s activities, means for promoting the arts and sciences 
of that branch. 

Par. 2. A Professional Division of the Society may be organized 
upon acceptance by the Council of the written request of a satisfac- 
tory number of members. Such a Division shall be designated as the 
Division of The American Society of Me- 
chanical Engineers. 

Par. 3 The provisions of the Constitution, By-Laws, and Rules of 
the Society shall cover the procedure of all Professional Divisions, but 
no action or obligation of a Division shall be considered an action or 
obligation of the Society asa whole. This By-Law shall be imprinted 
on any publication issued by a Division. 

Par. 4 For the convenient conduct of its affairs, eacb Professional 
Division shall organize an executive committee. The executive com- 
mittee shall elect its Chairman each year, and upon confirmation by 
the Council, he shall serve as Chairman of the Division. 

Par. 5 The function of the Standing Committee on Professional 
Divisions, under the direction of the Council, shall be to organize, 
foster, and coordinate Professional Divisions and their activities. 


PROFESSIONAL GROUPS 


Par. 6 In case the number of members interested in a particular 
branch of the Society’s work is not large enough to warrant the for- 
mation of a full Professional Division under the provisions of the By- 
Laws, the Council may authorize the formation of a Professional 
Group, and will itself appoint an executive committee to organize 
such a Group, and will designate the Chairman of the Committee. 
When a sufficient number of members become attached to this Group, 
it may petition for reorganization into a Professional Division. 


ARTICLE R10, Proressionau Divisions 


Rute 1 When a number of members of the Society interested in a 
particular branch of the work of the Society favor the formation of a 
Professional Division for that branch, they may draw up a petition 


for the establishment of such a Division. Each such petition shall 
be sent to the Standing Committee on Professional Divisions for 
presentation to the Council with its recommendation. Upon ap- 


proval of the petition by the Council, the Chairman of the Standing 
Committee on Professional Divisions shall appoint a temporary 
Chairman of the new Division. 

Rute 2 The executive committee of each Professional Division 
shall consist of five (5) members and the term of one (1) member shall 
expire at the close of each Annual Meeting. The executive committee 
and such officers as the Division may require shall be selected from 
the membership of the Society. Other committees, advisors, and 
associates of the Division shall be appointed by the executive com- 
mittee as required for a term not exceeding one (1) year. 

Rvuig 3 Upon the organization of a Professional Division the ini- 
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tial selection of the executive committee shall be made by the Presi- 
dent upon the nomination of the Standing Committee on Professional 
Divisions which will state the length of term of each appointee. 

Ruie 4 During the month of October of each year the executive 
committee of each Division will nominate to the President through the 
Standing Committee on Professional Divisions one or more indi- 
viduals from whom the President shall appoint the member of the 
executive committee. 

Rute 5 The executive committee of each Professional Division 
shall elect its own officers. No one shall be eligible for chairmanship 
until he has been a member of this committee for one year, except in 
the selection of the executive committee for a newly formed Division. 

Rute 6 _ In case of resignation or decease, vacancies shall be filled 
by appointment of the executive committee subject to the approval 
of the President of the Society. 

Rute7 The executive committee may. subject to the approval of 
the Secretary of the Society, appoint or elect a secretary of the 
Division, who shall report the p: ings of that Division to the 
Secretary of the Society for notice in the publications. He shall per- 
form the duties of secretary of the Division, and such other duties as 
may be prescribed by the executive committee. 

Ruue 8 Any expenditure for the purpose of a Division chargeable 
to the Society must be authorized by the Secretary of the Society 
before it is incurred, and must be provided for in the annual budget 
approved by the Council. Any liability otherwise incurred shall not 
be binding on the Society, and must be met by the Division itself. 

RuteY Notice of all Professional Division meetings shall be given 
in writing to the Secretary of the Society and to the Chairman of the 
Standing Committee on Professional Divisions at least six (6) weeks 
in advance of the date set for such meetings. 


PROFESSIONAL GROUPS 

Rute 10 The functions and responsibilities of a Professional 
Group shall be the same as those of a Professional Division, except 
that the Chairman of the executive committee, although having a 
seat in the conferences of the Chairmen of the Professional Divisions, 
shall have no vote. 

Rute 11 The activities of a Professional Group shall be subject to 
the jurisdiction of the Standing Committee on Professional Divisions. 

Rute 12 The Council reserves the right to disband any Profes- 
sional Group on sixty (60) days’ notice. 


Article Cll, Local Sections 


Sec. 1. The Council may authorize the organization of 
Local Sections composed of members of any or all grades, 
which shall operate under the provisions of the Constitu- 
tion, By-Laws, and Rules. 


Sec. 2. The Local Sections shall be associated into geo- 


graphical groups with annual meetings at which each 
Local Section shall be entitled to representation. Each 
geographical group shall be entitled to representation in 
a subsequent conference of group representatives at the 
Annual Meeting of the Society. 


ARTICLE B11, Locau Sections 


Par.1 The object of a Local Section of the Society shall be to pro- 
vide means for promoting the work of the Society by a local organiza- 
tion of members who are resident within a given territory. 

Par. 2 A Local Section shall consist of members of any or all 
grades and may include other persons. 

Par. 3 A Local Section of the Society may be organized upon 
acceptance by the Council of the written request of a satisfactory 
number of members. Such a Section shall be designated as the 
Section of The American Society of Me- 
chanical Engineers. 

Par.4 The provisions of the Constitution, By-Laws, and Rules of 
the Society shall cover the procedure of all Local Sections, but no 
action or obligation of a Section shall be considered an action or ob- 
ligation of the Society as a whole. This By-Law shall be imprinted 
on any publication issued by the Section. 

Par.5 For the convenient conduct of its affairs, each Section shall 
organize an executive committee. 

Par. 6 The affairs of the Local Sections shall be in general charge 
of the Standing Committee on Local Sections, under the direction of 
the Council. 

Par. 7 The Council of the Society, on sixty (60) days’ notice, may 
suspend or disband any Local Section. 

Par.8 There shall be a group meeting of Local Section delegates 
of each group preferably between October fifteenth and November 
fifteenth of each year at some central point within the geographical 
limits of the group. 
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Par. 9 Each Local Section shall be entitled to one voting delegate 
in the group meeting of Local Section delegates. In addition to such 
delegates the group representative serving his second year shall serve 
as chairman of the group meeting, but shall vote only in case of a tie. 

Par. 10 At such group meeting of Local Section delegates, one 
representative shall be elected to represent the group for two (2) 
years at the conference of group representatives. 

Par. 11 There shall be a conference of group representatives 
each year at the place and at the time of the Annual Meeting of the 
Society. There shall be fourteen (14) representatives to such annual 
conference, two (2) from each of the seven (7) groups, which groups 
shall conform geographically to those provided for in Article B7, 
Par. 3. 

ArtTicLeE R11, Locat Sections 


Rute 1 When a number of members of the Society in any terri- 
= the limits of North America, Hawaii, Puerto Rico, and 
Cuba favor the formation of a Local Section in that territory, a pre- 
liminary meeting shall be called and notice sent to the entire member- 
ship of the Society residing in that territory. At this meeting a pe- 
tition for the formation of a Local Section, containing suggestions as to 
the territory to be included in the Section, may be presented, and, if 
adopted, shall be sent to the Standing Committee on Local Sections 
for recommendation to the Council. 

Rue 2 Upon the approval by the Council of the petition, a 
meeting of the signers shall be held for the selection of a temporary 
executive committee of at least five (5) members. This committee 
shall have charge of, and be responsible for, the proceedings of the 
Local Section until the next election of officers. 

Ruite3 The executive committee of a Local Section shall consist 
of a chairman, a secretary, and such other officers as may be found 
desirable. Such officers shall be elected by ballot of the members of 
the Society constituting the Section. The committee shall be 
elected before the first day of June each year and shall take office on 
the first day of July. 

Rute 4 A member of the Society shall be entitled to vote or to 
hold office in not more than one (1) Local Section at a time. 

Rute 5 The chairman of each Local Section shall have the privi- 
lege of attending all meetings of the Standing Committee on Local 
Sections. 

Rute 6 The secretary of each Local Section shall report the pro- 
ceedings of that Section to the Secretary of the Society for notice in 
the publications. He shall discharge the duties of secretary of the 
Section, and such other responsibilities as may be prescribed by the 
executive committee. 

Ru.te7 Any expenditure chargeable to the Society for the purpose 
of any Local Section must be provided for in the annual budget ap- 

roved by the Council. No liability otherwise incurred shall be 

inding upon the Society. 

Ruue8 Each Local Section shall use only such uniform stationery 
as is supplied by the Secretary of the Society. 

Rute 9 For the convenient cooperation between the Local Sec- 
tions and the Professional Divisions, each Local Section may appoint 
an individual or a committee to act as a correspondent with each 
Professional Division, with duties that will comprise generally the 
arranging with the Professional Division for the presentation of 
papers, holding of meetings, etc., within that particular Local Sec- 
tion, and as far as possible, to act as a means of furnishing informa- 
tion, secured within the Local Section, which might prove of interest 
to the Division. 

Rute 10 A Local Section may affiliate with existing local engi- 
neering organizations, or form jointly with them new local engineer- 
ing organizations, but the plan of such affiliation or organization, and 
the obligations assumed by the Local Section and the Society thereby, 
shall first be approved by the Council on recommendation of the 
Committee on Local Sections. Any expenditures incurred in such 
an affiliation shall be binding only on the Section and not on the 
Society as a whole. 

Ruxige1l A Local Section may arrange to hold joint meetings with 
other engineering organizations and may invite members of such 
organizations to attend its meetings, but all expenses incurred shall 
be binding only on the Section and not on the Society as a whole. 

Roig 12 Each Local Section may adopt its own by-laws, for the 
conduct of its affairs, provided such are in harmony with the Consti- 
tution, By-Laws, and Rules of the Society, and provided also every 
publication of such by-laws be prefaced with a copy of this Rule. 

Rue 13 Groups of members residing outside the limits of North 
America, Hawaii, Puerto Rico, and Cuba may engage in group activi- 
ties with local members of the A.S.C.E., A.I.M.E., and A.I.E.E., in 
which case the Council may grant them nominal financial support, 
provided such group action is not in conflict with the policies and 
activities of any established national engineering societies in such 
foreign countries, and that such groups cooperate as permitted with 
such foreign societies. 


Article C12, Student Branches 
Sec. 1. The Council may authorize the organization of 
Student Branches which shall operate under the provisions 
of the Constitution, By-Laws, and Rules. 
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ARTICLE B12, StupENT BRANCHES 


Par. 1 A Student Branch may be organized upon acceptance by 
the Council of the written request of at least fifteen (15) senior and 
junior students in any engineering school of accepted standing. 
Such a Branch shall be designated as the .................. Student 
Branch of The American Society of Mechanical Engineers. 

Par. 2 The provisions of the Constitution, By-Laws, and Rules of 
the Society shall cover the procedure of all Student Branches, but no 
action or obligation of a Student Branch shall be considered an action 
or obligation of the Society as a whole. This By-Law shall be im- 
printed on any publication issued by the Student Branch. 

Par. 3. The function of the Standing Committee on Relations 
Witb Colleges under the direction of the Council shall be to organize, 
foster, and govern Student Branches and their activities. 

Par. 4 Annual regional conferences of delegates from Student 
Branches shal! be held at the discretion of the Committee on Rela- 
tions with Colleges. 


ArticLe R12, StupENT BRANCHES 


Rote 1 Upon the recommendation of a Student Branch, the 
President of the Society shall designate a corporate member of the 
Society as Honorary Chairman for one (1) year, to be a member 
ex officio of the governing body of the Student Branch. 

Rute 2 Annually, each Student Branch shall select officers in- 
pees a chairman and a governing body of at least three (3) Student- 
members. 


Article C13, Publications and Papers 


Sec. 1. The papers and publications of the Society shall 
be issued in such manner as the Council may direct. 


ARTICLE B13, PUBLICATIONS AND PAPERS 


Par. 1 All publications of the Society shall be in charge of the 
Standing Committee on Publications, under the direction of the Coun- 
cil. 

Par. 2 The publications of the Society shall consist of (a) the 
Transactions of the Society; (6) Mechanical Engineering; and (c) 
such other publications as the Council may direct. 

Par. 3 The policy of the Society shall be to give papers read be- 
fore it the widest publicity. 

Par.4 The Society shall not be responsible for statements or opin- 
ions advanced in papers or in discussion at meetings of the Society or 
of its Divisions or Sections, or printed in its publications. 

Par. 5 The Society reserves the mght to copyright, at the dis- 
cretion of the Council, any of its papers, discussions, reports, or pub- 
lications. 


Article Cl4, Funds 


Sec. 1. The deposit, investment, and disbursement of 
all funds shall be subject to the direction of the Council. 


ARTICLE B14, Funps 


Par. 1 All funds shall be paid in to the Secretary, who shall enter 
them in the books of the Society, and deposit them to the account of 
the Treasurer in a bank designated by the Council. 

Par. 2 All bills against members and others shall be made and 
collected by the Secretary. 

Par. 3 Income from initiation fees shall not be used for current 
expenses. At the close of each fiscal year, unless the Council then 
orders otherwise, this income shall be added to surplus. 

Par. 4 Funds may be solicited from sources outside of the So- 
ciety for the conduct of research. All contributions to the Society 
for any specific purpose shall be disbursed under the direction of the 
Council. 

Par. 5 All gifts or bequests not designated for a specific purpose 
shal] be invested and only the income shall be used. 

Par. 6 All gifts or bequests to the Society designated by the 
donors for a specific purpose, and all moneys permanently set aside 
by the Council for specific purposes, shall be invested and either the 
capital or income as so designated shall be used for that specific pur- 
pose for which it was designated. 

Par. 7 Except where otherwise definitely specified in a gift or 
bequest, the Secretary of the Society shall at the close of each fiscal 
year compute the interest and return received for the year on the 
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Society’s invested funds. The Secretary shall determine an average 
rate of income and shall recommend an apportionment of such return 
to each of the several funds for which investment is made. Upon 
approval and order of the Council these apportioned returns shall be 
duly entered in the books of account of the Society as the income for 
the year on the various funds. 

Par.8 At the discretion of the Council income from any fund may 
be allowed to accumulate for expenditure in any subsequent year, or 
the income may be added to the original fund and invested with it. 
But in no case shall money be expended from such specially desig- 
nated funds, either from capital or from income duly apportioned as 
detailed in paragraph 7, for the current expenses of the Society. 

Par. 9 Upon the maturity of any permanent investment the 
Treasurer shall reinvest such funds subject to approval by the Fi- 
nance Committee and the Council. 

Par. 10 The securities of the Society, either principal or trust 
funds, may be sold, bought, or exchanged upon the written order of 
the Treasurer, the Secretary, and the Chairman of the Finance Com- 
mittee, and these three signe‘ures must appear on any order to any 
broker, bank, or company. If any one or two of these officers be 
temporarily unavailable, then an equal number of members of the 
Executive Committee may be substituted 


EXPENDITURES 


Par. 11 All expenditures shall be made in accordance with the 
budget of appropriations as adopted by the Council. 

Par. 12 Any obligations which may be incurred during the fiscal 
year and which will require the expenditure of the Society’s funds 
outside of appropriations made by the Council shall first be referred 
to the Finance Committee for report by that Committee back to the 
Council. 

Par. 13 The Secretary shall report to the Council each month the 
total obligations incurred against each appropriation, together with 
the amount of each appropriation which is unexpended. 

Par. 14 The annual appropriations approved by the Council, or so 
much thereof as may be required for the work of the Society, shall be 
expended by the Secretary, under direction of the committees. 

Par. 15 All bills against the Society shall be in charge of the Sec- 
retary who shall present them in proper form to the Finance Com- 
mittee for audit. 

Par. 16 Funds of the Society shall be paid out by the Treasurer 
only upon vouchers duly signed by the Secretary and audited by the 
Finance Committee. 


ARTICLE R14, Funps 


Rvie1 The accounts of the Society shall be audited and approved 
annually by a chartered or other competent public accountant. 

Ruue 2 The Finance Committee shall hold monthly meetings for 
the auditing of bills and such other business as shall come before it. 

Rute 3 Each year the Finance Committee shall present with its 
report a detailed estimate of the probable income and expenditures of 
the Society for the following twelve (12) months. 

tuLE 4 Any contract or other obligations to pay money in the 

Society’s work shall be valid only when signed by the Secretary. 


Article C15, Professional Practice 


Sec. 1. In all professional and business relations the 
members of the Society shall be governed by the Code of 
Ethics incorporated in the By-Laws. 

Sec. 2. Any member who has violated the Constitution 
of the Society, or who is guilty of conduct rendering him 
unfit to remain a member, may be expelled by the vote of 
fifteen (15) members of the Council, after he has been given 
opportunity to be heard in his own defense. 


ARTICLE B15, PRoressionaL Practice 


Par. 1 All members of the Society shall subscribe to the follow- 
ing Code of Ethics, as required by the Constitution: 


A Cope or Eruics ror ENGINEERS 
That the dignity of his chosen profession may be maintained, it is 
the duty of every engineer 
1 To carry on his professional work in a spirit of fairness to em- 
ployees and contractors, fidelity to clients and employers, and devo- 
tion to high ideals of personal honor. 
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2 To refrain from associating himself with, or allowing the use of 
his name by, any enterprise of questionable character. 

3 To treat as confidential his knowledge of the business affairs or 
technical processes of clients or employers when their interests re- 
quire secrecy. 

4 To inform a client or employer of any business connections, in- 
terests, or affiliations which might influence his judgment or impair the 
disinterested quality of his services. 

5 To accept financial or other compensation for a particular ser- 
vice from one source only, except with the full knowledge and consent 
of all interested parties. 

6 To advertise only in a dignified manner, to refrain from using 
any improper or questionable methods of soliciting professional work, 
and to decline to pay or to accept commissions for work secured by 
such improper or questionable methods. 

7 Torefrain from using unfair means to win professional advance- 
ment and to avoid unfairly injuring another engineer's chances to 
secure and hold employment. 

8 To cooperate in building up the engineering profession by the 
interchange of general information and experience with his fellow 
engineers and with students of engineering and also by contributions 
to the work of engineering societies, schools of applied science, and the 
technical press. 

9 To interest himself in the public welfare and to be ready to ap- 
ply his special knowledge, skill, and training in the public behalf for 
the use and benefit of mankind. 


ARTICLE R15, PROFESSIONAL PRACTICE 


RULE 1 The Standing Committee on Professional Conduct, 
having in charge all matters connected with the Code of Ethics and its 


enforcement. shall cooperate with similar committees of other 
societies. 
Rute 2 The Standing Committee on Professional Conduct shall 


follow the procedure below in considering cases presented to it: 
(a) Cases for consideration may be: 


(1) An interpretation of the code, or 
(2) Rendering an opinion on the questionable conduct of a 
member of the Society. 


(>) Cases and complaints are to be submitted to the Committee by 
the Secretary of the Society. 

(c) Before a case is submitted to the Committee, the Secretary of 
the Society shall ascertain whether the person against whom a com- 
plaint has been made is a member of the Society, and if possible de- 
cide whether the case is of such importance as to be passed on by the 
Committee, or is of such a trivial nature that it can be handled by the 
Secretary. 

(dq) A case may be submitted by the Secretary of the Society 
either through the Chairman or jointly to each member of the Com- 
mittee. 

(e) On receipt of a case the Committee shall decide whether it can 
best make a finding by correspondence, or by a meeting of the Com- 
mittee, and whether hearings shall be given to the interested parties. 

(f) The Committee may appoint subcommittees to consider and 
report on cases too remote for the main Committee to act upon. 

(g) All correspondence from members of the Committee should 
pass through the office of the Chairman of the Committee and not be 
sent direct to the Secretary of the Society. In order to facilitate 
pepe He preparation of reports, a letter should cover only one case 

or subject. 

(hk) Reports and findings on cases shall be sent by the Chairman 
to the Secretary of the Society for consideration by the Executive 
Committee or Council of the Society, which may approve the findings 
or take such other action as may seem desirable or necessary. 

(.) The Committee may, if it so desires, suggest action by the 
Executive Committee or Council. 

(j) The Council shall have the power on recommendation of the 
Committee on Professional Conduct, either (1) to censure by letter 
the conduct of a member who has acted contrary to the Code, if the 
breach is of a minor character, or (2) to cause the member’s name to 
be stricken from the rolls of the Society, as provided in C15, Sec. 2. 


Article C16, Amendments to the Constitution 


Sec. 1. At any Meeting of the Society any person en- 
titled to vote may propose in writing an amendment to 
this Constitution, provided that it shall bear the written 
indorsement of at least twenty (20) corporate members in 
good standing. 

Such propsed amendment shall not be voted on for adop- 
tion at that meeting, but shall be open to discussion and 
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modification, and to a vote as to whether, in its original or 
modified form, it shall be mailed in printed form to the 
members of the Society for action. 

If the members present at the meeting, not less than 
twenty (20) voting in favor thereof, shall so decide, then the 
Secretary shall mail in printed form to each person en- 
titled to vote, at least sixty (60) days previous to the next 
Meeting of the Society, a copy of the proposed amendment 
as so decided by said vote, accompanied by any comment 
the Council may elect to make. 

A ballot shall be sent with the proposed amendment, 
and the voting shall be by sealed letter-ballot, closing at 
noon of the twentieth (20th) day preceding the meeting 
of the Society following the mailing. 

The adoption of the amendment shall require a vote in 
its favor of two-thirds of the votes cast. 

The Presiding Officer at the meeting of the Society fol- 
lowing the close of the ballot shall announce the result, 
and if the amendment is adopted it shall thereupon take 
effect. 

Sec. 2. Any changes in the order or numbering of para- 
graphs of the Constitution, By-Laws, and Rules required 
by an amendment shall be made under the direction ef the 
Council. 

Sec. 5. This Constitution shall supersede all previous 
rules of the Society, and shall go into effect upon the ad- 
journment of the meeting of the Society at which the pre- 
siding officer announces its adoption. 


ARTICLE B16, AMENDMENTS 


Par. 1 At least fourteen (14) days before the closing of a ballot on 
an amendment to the Constitution, the President shall appoint three 
(3) Tellers whose duty it shall be to canvass the votes cast. 

Par. 2 The Tellers shall canvass the ballots and shall certify the 
result to the Presiding Officer at the meeting of the Society at whic h 
the result is to be announced. 

Par. 3 In the case of a tie vote on an amendment, the Presiding 
Officer at the Meeting of the Society shall cast the deciding vote. 

Par. 4 The terms of office of the Tellers shall expire when their 
report of the canvass has been presented and accepted. 

Par. 5 At any regular meeting, the Council may, by a two-thirds 
vote of its members present, adopt, or amend By-Laws in harmony 
with tbe Constitution, provided that such By-Laws or amendments 
shall have been submitted in writing at a previous meeting of the 
Council and the Secretary has mailed a copy to each member of the 
Council at least fifteen (15) days before the meeting at which action 
is to be taken. A By-Law or an amendment to a By-Law shall take 
effect immediately upon its adoption by the Council, and shall be 
published at once by the Secretary to all members of the Society. 

Par.6 At any regular meeting, by a majority vote of its members 
present, the Council may adopt or amend Rules in harmony with the 
Constitution and the By-Laws. A Rule or an amendment shall take 
effect immediately upon its adoption by the Council, and shall be pub- 
lished by the Secretary to all the members of the Society. 


ARTICLE R16, AMENDMENTS 


Rute 1 _ In voting on an amendment to the Constitution the voter 
shall prepare his ballot by crossing out that part of the amendment 
which he wishes to vote against. He shall then enclose the ballot in 
an envelope and seal it, and shall enclose this envelope in a second 
envelope marked “Ballot on Amendment” and seai it, and he shall 
then write his name thereon for identification. 

Rute 2. The Tellers shall not receive any ballot after the stated 
time for the closure of the voting. 

Rute 3 The Secretary shall certify to the competency and signa- 
ture of all voters. 

Rue 4 The Tellers shall open and destroy the outer envelopes 
and then open the inner envelopes and canvass the results. 

Rute 5 A ballot without the autographic endorsement of the 
Tell on the outside envelope is defective and shall be rejected by the 

ellers. 

Rute 6 The Tellers shall consider a ballot as valid provided the 
intent of the voter is clear, and provided also that he conforms with 
the regulations for voting. 
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Memorial Notices 


HE purpose of Memorial Notices is to place on permanent record the biographical 


and professional data relating to deceased members of The American Society of 


Mechanical Engineers. Hence every effort is expended to insure accuracy, and to 
make the notices as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent member, 
these application records are fairly complete. The applications of those who became 
members many years ago, however, contain less detailed data, and in many cases the 
sponsors are no longer alive, so that it is difficult to obtain assistance from this 
source. If the member has been retired for several years prior to his death, his business 
associates are frequently hard to locate, and, in some cases, members of his family 
cannot be found. While all these factors add to the difficulty of obtaining accurate 
and fairly complete data, every possible source of information is explored, with the 
result that publication of the notice is sometimes delayed. 

It is the practice of the Committee on Publications in the case of many deceased 
members to ask former friends and associates to prepare the obituary. The ob- 
ject is to secure a final record that will be more valuable for having been prepared 
by men who knew the deceased and are competent to evaluate his work. Memorials 
prepared in accordance with this recent policy are signed by those who wrote them or 
who collaborated in their preparation. To all persons who have thus cooperated, the 
Committee acknowledges its gratitude. 

The Committee has also established most helpful and cordial contacts with other 
societies in the preparation of these notices. As members of this Society are some- 
times members of others also, collaboration in the preparation of obituaries holds the 
possibility of securing a more completely authoritative record. Several obituaries 
published with this series will be found to have been republished in full from the 
records of other societies, or to have been adapted from these records. To these 
societies, and to their members who prepared the obituaries so used, the Committee 
wishes to express its thanks. 

The Committee also appreciates and acknowledges the assistance that has been 
given by relatives, business associates, and friends in the preparation of all other 
memorials. It also acknowledges its debt to such sources as Who’s Who in Engineer- 
ing, Who’s Who in America, and similar publications; the Encylopedia of American 
Biography, National Cyclopedia of American Biography, and New International 
Year Book; the technical and daily press; colleges and universities and their alumni 
associations; and to engineering and other societies which have supplied information 
from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society 
upon request. 
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Memorial Notices 


CHARLES GEORGE ADSIT (1874-1935) 


Charles George Adsit, president of the Des Moines Railway Com- 
pany and of the Des Moines & Central Iowa R.R., died on March 
27, 1935. He is survived by his widow, Helen (Brinkman) Adsit, 
whom he married in 1907, and by his son, Charles G. Adsit, Jr. 

Mr. Adsit was born at Ironton, Ohio, on November 1, 1874, son of 
Byron De Witt and Emma (George) Adsit. After completing his 
high school course in 1892 he entered the office of John R. Allen, me- 
chanical engineer, of the firm of Ball & Allen, consulting engineers, 
Chicago, and studied under his direction; in 1893-1894 he also took 
a course in mathematics at the University of Chicago. His associa- 
tion with Mr. Allen terminated in 1894 when the latter took a pro- 
fessorship at the University of Michigan. During the next two years 
he engaged in engineering and contracting business in Chicago and 
in 1897-1898 he was with a mining party in Alaska. Upon his return 
to Chicago he became connected with the firm of Rockwell & Snyder, 
contracting engineers, in charge of municipal engineering work, 
principally at Waupun, Wis. 

In 1901 Mr. Adsit entered the electrical field in the testing depart- 
ment of the General Electric Company at Schenectady, N.Y. After 
about two years’ experience there he went to Breckenridge, Colo., to 
take charge of the design and construction of a hydroelectric plant 
for the Gold Pan Engineering & Mine Supply Co. In 1904 he was 
chief engineer in charge of the design and construction of a hydro- 
electric plant for the Kimberly Montana Coal Mining Company, at 
Jardine, Mont. He also changed the drive of their mining and re- 
duction works from steam to electrical operation. 

For five years, beginning in 1905, Mr. Adsit was consulting electri- 
cal and mechanical engineer for the Black Mountain Mining Com- 
pany, of Chicago and Magdalena, Sonora, Mexico. He designed and 
constructed a steam turbine generating station transmission system 
from the railroad to the mine, some forty miles distant, and applied 
electric drive to all of the mining and reduction equipment. This 
was one of the largest mining operations in Mexico at the time. 

Mr. Adsit turned to railway engineering in 1908 when he became 
consulting engineer for the Warren Company and the Warren-Bisbee 
Railway, at Bisbee, Ariz. He designed and constructed an interurban 
electric railway system, operating in the Bisbee mining district under 
conditions made difficult by the mountainous character of that sec- 
tion of the country. Upon the completion of this work in 1911 he 
took a position as engineer for the Northern Contracting Company, 
and as such was in charge of the hydroelectric development at Tullu- 
lah Falls, Ga., for the Georgia Railway & Power Co. He remained 
to serve as chief engineer, in charge of further development work of 
the company, and from 1923 to 1928 was vice-president and executive 
engineer of the company, and its successor, the Georgia Power Com- 
pany. He resigned to engage in consulting practice in Atlanta, Ga., 
until he became president of the Des Moines company and railroad 
In 1929, 

Mr. Adsit belonged to three of the national engineering societies, 
the A.S.C.E., A.I.E.E., and A.S.M.E., becoming a member of the 
A.S.M.E. in 1927. He was a Fellow of the A.I.E.E.,*served as a vice- 
president of the Institute in 1921-1923, and was active in its com- 
mittee work. He was also a member of The Franklin Institute. 


ST. GEORGE MASON ANDERSON (1873-1936) 


St. George Mason Anderson, superintendent of the Tredegar Com- 
pany’s foundry and machine shops, died in his native city of Rich- 
mond, Va., on February 24, 1936. He was born on June 27, 1873, 
son of Archer and Mary Anne (Mason) Anderson. After preparing 
for college at McGuire’s School in Richmond and the University 
School in Petersburg, Va., he entered Stevens Institute of Technology, 
—— N.J., in 1890 and was graduated with an M.E. degree in 
_ Upon graduation, Mr. Anderson was appointed assistant chemist 
in the Virginia State Department of Agriculture and held that position 
for approximately one year. In November, 1895, he entered the em- 
ploy of the Tredegar Company, Richmond, Va., as assistant superin- 
tendent of the horseshoe department and remained with that organi- 
zation until the time of his death 41 years later. Mr. Anderson was 
promoted to the superintendency of the spike and bar mills about 
1899 and, approximately eight years later, was made superintendent of 
the company’s rolling mills, foundries, and machine shops. In this 


capacity, he had supervision of more than fifteen hundred men en- 
gaged in the manufacture of a wide variety of products which included 
railroad and boat spikes; horse and mule shoes; angles; fishplates; 

Ts; car wheels; railroad, agricultural, architectural, and general 
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castings; target shells and proof shot for the U.S. Army and Navy; 
steel shells for the U.S. Navy; shrapnel cases for the U.S. Navy, 
British Admiralty, British War Office, and Russia; and blooms for 
its own use. Since January, 1923, when the rolling mills and the 
horseshoe department were placed in charge of a separate superinten- 
dent, Mr. Anderson had been in charge of the foundry and machine 
shops. 

He joined the A.S.M.E. as a member in 1919. He is survived by 
three daughters, Penelope (Anderson) McBride and Mary Mason 
and Margaret Ward Anderson, and by two brothers, Archer, Jr., and 
J. R. J. Anderson, who are president and treasurer, respectively, of 
the Tredegar Company. His wife, Penelope (Weddell) Anderson 
whom he married in 1898, died in 1925. 


SIR JOHN ASPINALL (1851-1937) 


Sir John Audley Frederick Aspinall, engineer, executive, educator, 
author of many outstanding papers relating to technical achieve- 
ments of the British Railways with which he was associated, man of 
grace and charm, beloved by all who knew him, was born at Liver- 
pool on August 25, 1851, the son of John Bridge Aspinall, Queen’s 
Counsel. His death occurred on January 19, 1937, bringing to a 
close a life of notable contributions in railway engineering progress. 

Throughout his busy career, Sir John was identified with the de- 
velopment of the reciprocating steam locomotive and the shops and 
associated facilities for its maintenance. He advocated the tonnage 
train with locomotives of great power. A technical man, he possessed 
such breadth of vision that his interests and capabilities extended far 
beyond the mechanical field. In recognition of his competence in 
matters pertaining to traffic and operating practice, he was appointed 
general manager of the Lancashire and Yorkshire Railways in 1899, 
the first man of technical training in British railway history to serve 
beyond the mechanical departments. Having already established 
the economy of the heavy locomotive, he now advocated and in- 
stalled in 1904 the first main line electrification in the United King- 
dom with the conversion of the congested line, Liverpool to South- 
port. 

As a youth of extraordinary native ability, after acquiring the 
general education afforded by Beaumont College, Berkshire, he be- 
came indentured apprentice to John Ramsbottom and was later, in 
1871, transferred to serve F. W. Webb upon the retirement of Rams- 
bottom as locomotive superintendent of the London and North West- 
ern Railway. Completing his term of apprenticeship at the age of 
twenty-one, Aspinall was appointed assistant manager of the Crewe 
steel works, subsequently being elevated rapidly and successively 
to the positions of, first, manager, then locomotive engineer, and later 
locomotive superintendent at Inchicore, well-known works of the 
Great Southern and Western Railway of Ireland; chief mechanical 
engineer, and later general manager, of the Lancashire and York- 
shire Railway; consulting mechanical engineer to the Ministry of 
Transport; and consultant to the newly organized London, Midland 
and Scottish Railway, 1924 to 1926. 

As chief mechanical engineer of the Lancashire and Yorkshire, 
Aspinall was given opportunity to put into practice many of the ideas 
and advancements in railway engineering technique which he con- 
sidered of practical value but which were judged to be revolutionary 
at the time. He constructed the works at Horwich, instituting a 
planned, progressive system of locomotive repair which was to be 
adopted quite generally throughout the Empire and copied by many 
railways in other countries. Notable among his achievements as 
chief mechanical engineer are his proof of the practicability of a high 
center of gravity in steam locomotives, and his unremitting efforts 
toward standardization and interchangeability of parts between loco- 
motives of various classes, the latter being a project of great worth at 
the time, 1886 to 1899, a period during which highly specialized loco- 
motive types were not required by traffic specifications. He investi- 
gated locomotive resistance and pioneered in the study of air flow and 
streamlining, recognizing the influence of the atmosphere in high- 
speed running. 

As general manager, in addition to his original efforts in encourag- 
ing electrification to increase track capacity, he effectively advanced 
the cause of consolidation of competitive railway systems to the 
ultimate advantage of all. No end of credit must be accorded him 
for the courage and foresight which he displayed in abandoning prece- 
dent against long odds and established opinion to introduce daring 
new practices which, in his judgment, offered promise of new advan- 
tages, later to be generally recognized and applauded. 

Perhaps mindful of the benefits of competent early training as they 


| 
| 
| 
| 
| 
4 ¢ 4 
a 
| 
] 
: 


RI-60 


served him so well, Sir John maintained a deep sympathy for the 
young men who entered the railway field under his direction. He 
solicited funds and personally outlined the plans for the establish- 
ment of the Mechanics Institute at Horwich, a school of practical 
training which has grown steadily in size, facilities, compass of its 
activities, and prestige. His interests in educational work secured 
for him the chair of associate professor of railway engineering at 
Liverpool University, in 1902, to which office he contributed gener- 
ously, principally in an advisory capacity. 

Sir John Aspinall was variously honored. Knighthood was con- 
ferred upon him by the King in 1917 in recognition of his many con- 
tributions to transport progress throughout the British Empire—for 
his influence was far-reaching. He was awarded Watt medals by 
both the Institution of Civil Engineers and the Institution of Mechani- 
cal Engineers, and the Telford premium, by the Institution of Civil 
Engineers. He served most graciously as host to our own Society 
when its representatives met jointly with the Institution of Mechani- 
eal Engineers in London in 1910, at which time he was president of 
the Institution. In recognition both of his achievements in the tech- 
nical field and his efforts toward consolidating the endeavors of the 
two national mechanical engineering societies, he was awarded honor- 
ary membership in the A.S.M.E. in 1911. He had also been honored 
with the presidency of the Institution of Civil Engineers and the In- 
stitution of Civil Engineers of Ireland. 

Sir John Aspinall devoted sixty crowded years to the solution of 
rail transport problems. He was progressive beyond the age in which 
he lived. The principles which he instituted many years ago and for 
which he labored with untiring zeal have since been recognized by 
virtue of their accomplishment and, through them, Sir John will live 
for many years as a guiding influence in railway circles the world 
around.—[Memorial prepared by L. K. Sttucox, Watertown, N.Y. 
Mem. A.S.M.E.] 


GEORGE MILLER BARTLETT (1873-1936) 


George Miller Bartlett died on September 16, 1936, at the Metho- 
dist Hospital, Indianapolis, Ind., after an illness of less than three 
weeks. He was born on August 5, 1873, in Chicago, IIl., son of Abner 
Dearborn and Sarah A. (Miller) Bartlett. He was married in 1905 
to Mary L. Doughty, of Brooklyn, N.Y., who, together with one son, 
Dr. Paul D. Bartlett, of Harvard University, survives him. 

Professor Bartlett’s preparation for his profession was unusually 
sound. His college work at Amherst College was preceded by several 
years of practical experience so that his Bachelor of Science degree 
(1901) was received at the age of twenty-eight, with major subjects, 
physics and mathematics. Four years later (1905) he received the 
Master of Arts degree for work in mathematics. 

After graduation he taught for nine years; two at the Case School 
of Applied Science followed by seven at the University of Michigan. 
During this period he produced two textbooks: one on Descriptive 
Geometry and one on Graphical Statics of Machines. 

In 1910 he became chief engineer of the Diamond Chain & Manu- 
facturing Co. of Indianapolis, and continued to serve that company 
as consulting engineer after being called to Purdue University as 
associate professor of machine design in February, 1927. He was 
advanced to professor in 1931. 

Professor Bartlett was an inventor and writer quite above the ordi- 
nary and some of his papers are landmarks in engineering and edu- 
cational practice. He confidently believed that invention could be 
taught and in 1934 instituted a forum on the technique of invention, 
followed in 1935 by regular class instruction on the subject. His in- 
ventions included: Basic helicoidal rack for the generation of teeth 
for hyperboloidal gears; two forms of universal joints for constant 
ratios; two types of flexible shaft couplings; universal angular trans- 
mission; chain-drive planetary reduction unit; automatic oiling de- 
vice for chain cases; reciprocating motion from ‘‘wabble ring;” 
“‘lineometer” for determining chain and belt lengths; and numerous 
attachments to special machinery used in the manufacture of roller 
transmission chains. 

Unusual richness distinguished Professor Bartlett’s social life. As 
guest, host, comrade, and friend he was always tactful, gracious, 
genial, and true, and his fine background of literary, musical, and 
dramatic knowledge gave his conversation unusual interest and char- 
acter. The varied nature of his interest is indicated by his affiliations 
with organized groups. He had been a member of the A.S.M.E. 
since 1911. He was also a member of the Society for the Promotion 
of Engineering Education, American Gear Manufacturers’ Associa- 
tion, Indianapolis Literary Society, Scientech Club of Indianapolis, 
Delta Upsilon fraternity, and Pi Tau Sigma, honorary mechanical 
engineering fraternity. His long affiliation with the Congregational 
Church in Indianapolis was transferred to the Trinity Methodist 
Episcopal Church when he went to Lafayette. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Professor Bartlett had been one of the official representatives of 
the A.S.M.E. on the Sectional Committee on the Standardization of 
Transmission Chains and Sprockets since its organization in 1917, 
and had served as secretary of the sectional committee and as chair- 
man of its Subcommittee on Roller Chain Standardization since that 
date. For two years prior to his death he also represented the Ameri- 
can Gear Manufacturers’ Association on the sectional committee, and 
he was also chairman of the A.G.M.A. Sprocket Committee at the 
time of his death. 

As a teacher he was painstaking and thorough, demanding from 
the student something of the same earnestness of purpose which so 
characterized himself, an attitude which never fails its purpose.— 
{Memorial prepared by Prof. L.V. Lupy, Purdue University. Mem. 
A.S.M.E.] 


GEORGE BARTOL (1857-1936) 


George Bartol, whose parents were George Murillo and Elizabeth 
(Washburn) Bartol, was born on May 16, 1857, at Lancaster, Mass., 
where he secured his early eduction. He entered the Massachusetts 
Institute of Technology with the Class of 1877, specializing in mining 
engineering, and after securing his B.S. degree, took postgraduate 
work in chemistry for a year. He entered the employ of the Otis 
Iron & Steel Co., Cleveland, Ohio, in February, 1879, as a chemist. 
Following his death on April 3, 1936, the following tribute was pub- 
lished by The Otis Steel Company. 

‘‘Few men have the privilege of participating in the growth and de- 
velopment of any institution over a period of 57 years. That was the 
opportunity which George Bartol earned in the years which began in 
1879 when, fresh from Massachusetts Institute of Technology, he came 
to the Otis Steel Co.’s pioneer open-hearth furnace. His first job 
was as a chemist, to analyze molten metal which was setting the pace 
for a nation’s industry. During the years which followed he was one 
of the key men in all production operations. Later as vice-president 
and president of the company, he endeared himself to every man in 
the organization. 

‘Notwithstanding his inactive part in affairs of the company in 
the last 11 years, Mr. Bartol’s constant interest and regular visits 
which always carried him into every part of the mill, kept him close 
to all of us. The word of his death on Friday, April 3, after a severe 
attack of influenza, meant one thing to all—that a lovable, democratic 
gentleman, whose character and friendliness were known across the 
seas as well as through the Cuyahoga Valley, had made his last 
friendly trip through the mills. 

‘‘When ownership of the Otis properties shifted to England back in 
1889, after the founders’ fame as producers of basic open-hearth 
steel had spread abroad, it was George Bartol who won the confidence 
of the new owners. In 1897 they named him the American manager, 
and a year later elevated him to the presidency of the company. For 
nearly thirty years he continued to direct the company’s destinies. 
Expansion during this period was rapid. By 1912 Otis had outgrown 
the Lakeside site and Mr. Bartol and his colleagues bought the valley 
site which today is the scene of our Riverside operations. Having 
directed the expansion during the years up to 1925, and looked to for 
counsel even in the years which followed, Mr. Bartol knew intimately 
every nook and eorner of the far-flung Otis works. In recent years 
his habit never varied from a routine which brought him into the 
office building to get his mail and then sent him on a tramp clear 
through the mill where he saw everything, talked to everyone, and 
always came away with a faithful picture of what was going on. 

‘*He was an old-fashioned boss with whom few could compare even 
before big mills came into being. Known to us all and to two geners- 
tions who preceded us, Mr. Bartol will be remembered and missed by 
all of the Otis family, which is joined with his very own by sympathy.” 

He is survived by two daughters, Mrs. I. F. Weidlein and Miss 
Elizabeth Bartol, both of Cleveland. Mrs. Bartol died in 1927. 

Mr. Bartol had been a member of the A.S.M.E. since 1886, and 
he had belonged to the Cleveland Engineering Society since 1580, 
being one of its early members. 


JAMES VERNON ROWLAND BIBBINS (1877-1936) 


James Vernon Rowland Bibbins (more generally known as J. Row- 
land Bibbins) died on January 27, 1936, in Washington, D.C., where 
he was traffic engineer in charge of local traffic signal and transit 
surveys. 

Mr. Bibbins was born on May 25, 1877, at Williamsport, Pa. He 
attended the Baltimore (Md.) City College and was graduated from 
the University of Michigan in 1899 with a B.S. degree in electrica 
engineering. During his college years he had spent a summer 12 
general engineering work for the Fuller Electric Company, Detro!t, 
Mich., and for several years after his graduation he worked in that 
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city for the Detroit Edison Company, the Public Lighting System, 
and the Detroit United Railway. He then went to East Pittsburgh, 
Pa., to do technical writing for the Westinghouse Machine Company. 
He continued in the service of the Westinghouse companies for some 
years, preparing various analyses and reports, and, in the position of 
commercial engineer, handling matters involving economic research 
in the field of steam and gas power development. 

In 1909 Mr. Bibbins became associated with Bion J. Arnold, con- 
sulting engineer of Chicago. For more than ten years he worked 
with Mr. Arnold on transportation and related problems of many 
large cities in the United States and Canada, including transit signal 
and traffic plans, port and terminal developments, and economic 
policies involved therein, particularly valuation. 

Either as Mr. Arnold's principal assistant or later on his own be- 
half, Mr. Bibbins was in charge of numerous technical investiga- 
tions and reports to state, municipal, and other public bodies and 
to various corporations. He conducted subway cost surveys for 
Chicago and Philadelphia, and a transportation survey for the Port 
of New Orleans, contributed data in connection with terminal arbi- 
tration in Chicago, Syracuse, and Baltimore, made valuations of prop- 
erties in New York and Brooklyn, and developed transit plans for 
San Francisco, Pittsburgh, Detroit, Montreal, Winnipeg, Denver, 
and many other cities. 

He resigned as supervising engineer of the Arnold Company in 1921 
to become manager of the new Department of Transportation and 
Communication of the United States Chamber of Commerce, at 
Washington. This Department was created to cover shipping, ocean 
and inland, steam and electric railroad transportation, air transporta- 
tion, cables and telegraphs, postal facilities, and highways. It was 
organized under the supervision of Mr. Bibbins and directed by him 
for about two years. After that he went into business for himself as 
a consulting engineer, with headquarters in Washington. 

In 1925 he was engaged by the city of Philadelphia as a consultant 
in a rate case between the Public Service Commission of Pennsylvania 
and the Philadelphia Rapid Transit Company. Later he was also re- 
tained by the city of Philadelphia to formulate a contract for the 
rental of the city-owned subway to the Philadelphia Rapid Transit 
Company. In 1928 he was engaged by the Montreal Tramways Com- 
pany to report on the operation of the system and to make recommen- 
dations for its future development. In 1929 he was retained by the 
Third Avenue Railway Company in New York to make studies of 
the effect of traffic lights upon the operation of the street railways 
and to make recommendations for the timing of the lights so as to 
get greater street capacity, both for vehicles and street cars. He 
made a 25-year economic forecast of central building development 
for Detroit, a railway merger routing plan for Washington, and traffic 
control thoroughfare plans for Indianapolis, Lancaster, and other 
cities. 

Mr. Bibbins became a junior member of the A.S.M.E. in 1904 and 
a member five years later. He served as chairman of the Gas Power 
Section of the Society in 1910, and was a member of a special com- 
mittee on the standardization of catalogs from 1911 to 1914. He 
was also a member of the American Institute of Electrical Engineers 
and past-chairman of its Chicago Section. He had belonged to the 
Western Society of Engineers, Society of Terminal Engineers, Ameri- 
can Electric Railway Association, and American Association of Port 
Authorities, and had served on several terminal committees. He 
was deeply interested in nation-wide industrial research and, when 
serving as president of the Michigan Engineers, helped to formulate 
a plan for the establishment of a Department of Engineering Re- 
search at the University of Michigan. 

At the time of his resignation from the Arnold organization, a state- 
ment concerning his achievements which was issued included the 
following paragraph: 

“Author of many technical papers and addresses on railway de- 
velopment, valuation, and power production, Mr. Bibbins has always 
sought to dignify his profession by securing fair, adequate discussion 
and thorough understanding of its problems. His recent contribu- 
tion, ‘City Building and Transportation,’ has carried this spirit into 
the comparatively new civic field. He is a firm believer in the useful- 
ness of engineers in public affairs, and the broad forum offered by the 
U.S. Chamber of Commerce will make this possible to an unusual de- 
gree. It is his hope that, ultimately, the technical talent of the coun- 
try may be mobilized and effectively directed toward this great end 
of united public service.” 

Mr. Bibbins was an accomplished singer and the author of several 
volumes of verse published under the name of James Robbins. 


LEE JACKSON BLACK (1870-1934) 


Lee Jackson Black, manufacturer and inventor, was born at Jef- 
ferson, Tex., on June 24, 1870, son of Oliver Hazard Perry and Mary 
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Kearny (Hunt) Black. Mr. Black received his early education in 
various country schools in Texas and was graduated at Austin College, 
Sherman, Tex., in 1893. Subsequently he spent a year as bookkeeper 
for a lumber company in Fannin County, Tex., and then was fore- 
man of a dredging crew at Sabine Pass, Tex. For two years there- 
after he was associated with a creosoting company at Beaumont, Tex., 
and from 1896 to 1901 was employed by the Hanson Construction 
Company, a bridge building concern, at Jasper, Tex., for which he 
supervised the construction of bridges throughout the Southwest and 
had charge of the building of a railway from Beaumont to San Augus- 
tine, Tex. He entered the oil industry in 1901 as general superin- 
tendent of the Higgins Oil & Fuel Co., at Beaumont, and continued 
in that position until 1911, when he resigned to assume active charge 
of the Beaumont Iron Works which, with others, he had purchased 
from a receiver in the preceding year. Impressed with the need for 
a plant specializing in the production of oil field equipment, he limited 
the output of the Beaumont Iron Works to the requirements of the 
rapidly expanding oil industry, and the business was a success from 
the outset. Under his management as vice-president and general 
manager, 1912-1914, as president, 1914-1926, and as chairman of the 
board, 1926 until his death, the Beaumont Iron Works Company 
developed into a $700,000 corporation and one of the leading concerns 
of its kind, its products being extensively used in oil fields throughout 
the world. To this achievement he contributed not only by his 
organizing and administrative ability but with his engineering and 
inventive genius as well. During his professional career he received 
more than one hundred patents, of which he assigned forty-eight to 
the Beaumont Iron Works during the last ten years of his life. These 
related chiefly to oil-well-drilling machinery, but inventions ap- 
plicable to various other industrial activities were conceived and 
manufactured by him. Black was the first to make a practical ad- 
aptation of the principle of cooling brake drums with a flow of water. 
This he incorporated in the so-called ‘‘Dreadnaught’’ water-cooled 
draw works, the most widely known product of his creative skill. 
Drilling rigs embodying this design were sold in all parts of the world. 
Among his other more important inventions were the straight-line 
crown block, in which all the line sheaves are placed in a single shaft, 
an improvement that won wide attention in the engineering world; 
his ‘‘grease pin’’ shaft which permits the entire working assembly of 
a crown block or traveling block to be lubricated simultaneously by a 
quarter-turn of a lug; and his “straight shot’’ sludge pump which 
became standard in the oil fields. He also invented an all-steel in- 
ternally sway-braced walking beam, which came into extensive use; 
a long-stroke pumping jack for deep-well use in conjunction with a 
central power plant, and a “‘shotgun feeder,’’ a widely known saw- 
mill device whose safety and efficiency won for it universal acceptance 
in the lumber industry. Shortly before his death he obtained a pat- 
ent on an air-conditioning device for use in private houses. 

He became a member of the A.S.M.E. in 1923 and belonged to 
the Masonic order and the Beaumont and Rotary clubs of Beaumont. 
Interested in civic affairs, he served for several years as water-works 
commissioner and in that capacity designed a special filtering plant 
and redesigned and improved Beaumont’s water system. He pos- 
sessed an energetic, dominating personality and a genial, kindly 
nature, and was especially interested in the education of young people, 
a number of whom were enabled to attend institutions of higher 
learning through his generosity. He was married on January 30, 
1901, to Maude, daughter of John Randolph Bevil, of Kountze, 
Hardin County, Tex., and died, without issue, at Beaumont, Tex., 
on August 10, 1934.—[From the National Cyclopedia of American 
Biography. 


WESTINUS BOER (1894-1937) 


Westinus Boer, who died suddenly at his home in Groton, Conn., 
on February 16, 1937, was born on April 27, 1894, at Delfs Haven, 
Rotterdam, Holland. His technical education was secured through 
the Rotterdam Academy of Plastic Arts and Technical Science. 
During the years 1916 to 1922, he was employed by the Verschure 
and Company's Shipyard and Engine Works, Amsterdam, Holland, 
in the design of marine steam engines and boilers. 

In the year 1923, he came to the United States and obtained em- 
ployment with the Worthington Pump & Machinery Co. at Cambridge, 
Mass. During the early part of 1924 he was connected, for a short 
time, with the Bethlehem Shipbuilding Corporation, at Quincy, Mass. 

In April of the same year, he accepted a position with the Electric 
Boat Company, Groton, Conn., with whom he remained until his 
death. During this period, he was employed as draftsman, designer, 
and later was in charge of the Design and Research Calculating De- 
partment of the Mechanical Division of this company. Mr. Boer 
became a citizen of the United States in 1929 and a member of A.S.M.E. 
in 1932. He served on the Executive Committee of the Norwich 
Local Section in 1933-1934. 
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On March 22, 1930, he obtained a U.S. patent for ‘‘a propelling de- 
vice for air and water craft.’’ The purpose of the device was to pro- 
vide a vertical lift for airplanes as well as forward thrust, resulting in 
less resistance to the craft in motion. The device was also patented in 
Canada and several other countries. 

Mr. Boer is survived by his widow, Dorothy (Foley) Boer, whom 
he married in 1928, and by a son and a daughter, Westinus, Jr., and 
Gertrude.— [Memorial by Warp, Chief draftsman, Electric 
Boat Company, Groton, Conn. ] 


FRANK R. BREHM (1882-1935) 


Frank R. Brehm, who became a member of the A.S.M.E. in 1927, 
was born on December 4, 1882, at Franklin, Ohio. Supplementing 
his early public and high-school education he took courses through 
the International Correspondence Schools, securing a diploma in 
mechanical engineering. 

At the age of twenty-five Mr. Brehm became master mechanic for 
the Dayton Rubber Manufacturing Company, Dayton, Ohio. He 
left there in 1912 to serve as superintendent of the boiler plant of the 
National Cash Register Company, Dayton, where he had charge of 
about fifty men. The plant consisted of 14 1000-hp boilers, vacuum 
and water pumps, water-softening apparatus, ash-handling ma- 
chinery, and other equipment, and was regarded as one of the most 
up-to-date in that section. Mr. Brehm continued in that work for 
three years, then went to Hamilton, Ohio, as erecting engineer for 
the Hooven, Owens & Rentschler Co. During his three years with 
this company he installed engines of from 500 to 5000 hp, of the cross- 
compound, tandem-compound, and triple-expansion types. 

From 1918 to 1924, Mr. Brehm was with the Ameriean Rolling 
Mill, at Middletown, Ohio. Here he was assistant t. the main- 
tenance engineer, having charge of repairs in the boiler house and 
engine room, and of locomotive cranes. During the following year 
he was chief engineer for the Middletown Artificial Iee Company, 
for whom he planned and built a new engine room and boiler house. 
In 1925 he became superintendent of erection for the Conveyors 
Corporation of America of Chicago, IIll., which subsequently was 
absorbed by the United Conveyor Corporation. Mr. Brehm directed 
the installation of various types of ash- and coal-handling machinery, 
and also made designs for this kind of equipment. 

After leaving this company he was employed as superintendent of 
the boiler room of the Marathon Paper Mills Company at Roths- 
child, Wis., from early March to the end of September, 1928. Subse- 
quently he was chief engineer for the Combined Locks Paper Com- 
pany, with which, so far as can be determined, he was associated at 
the time of his death on May 15, 1935. He is survived by his widow. 


MAURICE LEWIS BURGHAM (1901-1935) 


Maurice Lewis Burgham, sales engineer with the Edgewater Steel 
Company of Pittsburgh, Pa., died at the Homeopathic Hospital in 
that city on July 19, 1935, from pneumonia. His widow, Esther 
(Bauman) Burgham, survives him. 

Mr. Burgham was born at Parnassus, Pa., on April 3, 1901, son of 
Edwin S. and Estella (Bevan) Burgham. He was graduated from 
the University of Pittsburgh with a B.S. degree in mechanical engi- 
neering in 1923. For nine months after graduation, he was an assis- 
tant to the test engineer at the Colfax station of the Duquesne Light 
Company and made daily calculations of boiler efficiencies, water 
rates, heat transfer, and similar data. A brief engagement with the 
Blaw-Knox Company, Blawnox, Pa., as mechanical draftsman, de- 
tailing and designing equipment for blast and open-hearth furnaces 
followed, and, from 1924 to 1926, he was a draftsman and mechanical 
engineer with the Aluminum Seal Company, New Kensington, Pa., 
where he did detailing and designed machines. From 1926 until his 
death, Mr. Burgham was employed by the Edgewater Steel Company, 
first as a draftsman and designing engineer and, since 1930, as a sales 
engineer. Much of his work was in connection with design, develop- 
ment, and promotion of sales. 

Mr. Burgham became a junior member of the A.S.M.E. in 1925. 
He was also a member of the Railway Club, Pittsburgh Athletic As- 
sociation, and Pitt Engineering Association, and held a commission 
as second lieutenant in the Ordnance Reserve Corps, U.S. Army. 


EDWARD PARKER BURRELL (1871-1937) 


Several of the world’s greatest telescopes, together with modern 
turret lathes in active service in industry, are lasting monuments to 
Edward Parker Burrell, director of engineering for The Warner & 
Swasey Co. from 1924 until his death on March 21, 1937, in his sixty- 
seventh year. 

Associated with The Warner & Swasey Co. since 1900, he was 
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credited as the developer of hexagonal turrets, which greatly increase 
the general adaptability and uses of machine tools. One of the pio- 
neers in building gear trains for lathe heads that run entirely in oil, 
he added greatly to the life and efficient operation of machine tools. 
These contributions to modern production equipment, together with 
telescopes designed by Mr. Burrell, the last of which is at the Mc- 
Donald Observatory in Texas, testify to Mr. Burrell’s lasting influence 
upon science and industry. 

Mr. Burrell was born in Hall, N.Y., on February 11, 1871, the son 
of Edward and Elizabeth (Parker) Burrell, and was graduated from 
Cornell University as Mechanical Engineer in Electrical Engineering 
in 1898. He received a Master's degree there the following year and 
immediately thereafter joined The Warner & Swasey Co. He was 
married in 1904 to Miss Katherine Ward, of Cleveland, who survives 
him. 

At Warner & Swasey, his first task was in the development of in- 
struments for sending and receiving cable and telegraph dispatches 
by a new automatic method. Electricaily motivated brushes which 
punched holes (like those in a player piano roll) in tape, at high speed, 
achieved the desired speed-up in transmission of messages, foretelling 
recent application of comparable systems for teletype and other tele- 
graphic transmissions. 

More than thirty years devoted to the design of telescopes and 
turret lathes followed this initial task. Early in his career as a tele- 
scope builder, Mr. Burrell developed a range finder which compensates 
for the bending of light rays in the atmosphere. A relocating device 
for Coast Artillery range finders, also developed by him, has aided 
naval defense. A universal mounting adaptable to each of seven 
types of telescopes in use aboard American battleships at the outset 
of the World War was designed by him, as well as a back sight for ar- 
tillery. 

More than twenty important telescopes and domes built by The 
Warner & Swasey Co. reflected the workmanship and ideas of Mr. 
Burrell. His was the design for the 72-in. reflecting telescope for 
the Dominion Astrophysical Observatory at Victoria, B.C., the 69- 
in. reflecting telescope for Ohio Wesleyan University at Delaware, 
Ohio, and the new McDonald 82-in. reflecting telescope in western 
Texas. The latter, with two ‘‘pulpits’’ attached inside to either 
end of the observing bridge, will afford astronomers direct access to 
any point within the dome, for purposes of observation. With the 
‘pulpit’ floors also adjustable, astronomers will be able to reach 
special observing positions as readily as they can change auxiliary 
mirrors and equipment. 

Mr. Burrell became a member of the A.S.M.E. in 1919. He had 
served as a member of the Technical Committee on Standardization 
of T-Slots since its organization in September, 1924, and on the Tech- 
nical Committee on Standardization of Tool Posts and Shanks from 
its organization in January, 1926, to December 3, 1935, in both cases 
as a representative of the National Machine Tool Builders Associa- 
tion. He also belonged to the Cleveland Engineering Society and 
Sigma Xi. In June of 1936 the degree of Doctor of Engineering was 
conferred upon him by Case School of Applied Science. 

Mr. Burrell’s death removes an important figure; one who found 
his opportunities in labor for world science and industry through a 
company whose 90-year old founder, the late Ambrose Swasey, was 
a life-long inspiration. 


ARTHUR DUDLEY BUZBY (1889-1935) 


Arthur Dudley Buzby, a member of the four national engineering 
societies, A.S.C.E., A.I.E.E., A.I.M.E., and A.S.M.E., died in Los 
Angeles, Calif., on May 25, 1935. 

Mr. Buzby’s work reached across the continent, from steel con- 
struction for Post & McCord in New York in 1912-1913 to consulting 
engineering for S. Charles Lee, architect, in Los Angeles, at the time 
of his death. He was bridge designer for the Erie Railroad Company 
from November, 1913, until the end of 1915, and in two periods of 
employment with the Chile Exploration Company and Braden Cop- 
per Company at New York, progressing from structural designer to 
principal assistant to the designing engineer, he designed structures 
for copper reduction works and smelters, prepared contract specifica- 
tions for ore loading and unloading bridges, handled technical cor- 
respondence and reports, examined tenders for a wide variety of 
mechanical equipment, and designed conveyer systems and copper 
plants. He was engaged in these duties from 1915 until early 1920, 
with the exception of the months from April, 1918, to February, 1919, 
when he was experimental engineer for the Aviation Section, Bureal 
of Aircraft Production. He was attached to the French Aviation 
Mission to the United States and stationed at Detroit, Mich. 


From February, 1920, to June, 1924, Mr. Buzby was technical if 


consultant to the General Eastern Office of the Wellman-Seaver- 
Morgan Company, of Cleveland. His advice was sought on the de- 
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sign, layout, selection, and application of the mechanical equipment 
for coal and ore handling plants, hydroelectric plants, steel works, 
rubber plants, ocean freight and cargo handling terminals, and special 
shipbuilding and other types of large cranes. He left this company 
to become general manager of the Kinodyne Radio Corporation, 
New York, but suffered a breakdown in health in 1925 and was not 
active during that year. Subsequently he formed the firm of De- 
Saussure & Buzby and practiced consulting engineering in Jackson- 
ville, Fla., from January, 1926, to July, 1932, when he closed that office 
and went to California, where the remainder of his life was spent. 

Mr. Buzby was born at Montreal, Que., Can., on June 30, 1889. 
His parents, Winslow Edward and Clarine (Endall) Buzby, were 
United States citizens. He studied at Princeton University for 
three years, 1906-1908, and at Valparaiso University in 1910-1911, 
receiving a C.E. degree there. The following year he did postgradu- 
ate work at the Massachusetts Institute of Technology, specializing 
in structural and sanitary engineering, and secured an M.S. degree 
in 1912. 

He became an associate member of the A.S.M.E. in 1919 and a 
member in 1924. He belonged to the Society of Terminal Engineers, 
in addition to the four national societies, and was a member of the 
Delta Kappa Epsilon fraternity. He won many honors in golf, and 
was interested in the collection of stamps. He is survived by his 
widow, Helena (Wood) Buzby, whom he married in 1919. 


ERNEST MORRIS CLAYS (1905-1935) 


Ernest Morris Clays, who was killed in an airplane crash at Mc- 
Gill, Nev., on April 10, 1935, was born at Bingham Canyon, Utah, on 
June 27, 1905, a son of William D. and Mary A. (Bennett) Clays. 
Since 1923, when they were attending the University of Nevada, 
he had been a close friend of William Keith Scott, now of the Scott 
Motor Company, Reno, who has provided the following record: 

“In 1927 and 1928 Ernest and I spent a year traveling in Europe 
and North Africa. After returning to this country he went back to 
the university and completed his course, receiving a B.S. degree in 
mechanical engineering in 1931. After graduating he was with me 
both in Reno and Los Angeles. Part of the time he was assistant 
general manager of Scott Motors, Ltd., taking an active part in the 
credit end of the business. Whenever I had a business venture or 
a mine to be investigated he did the investigating for me. For a 
while he was at a mine that I was operating at Julian, Calif. 

“At my instigation he went to the Boeing School of Aeronautics for 
a nine months’ course in pilot training. At the end of six months he 
decided that it was no longer beneficial for him to stay there. He 
was always much interested in research engineering, and the main 
reason he went to the Boeing School was that we considered it an ad- 
vantage for an aeronautical engineer to know how to fly. He wanted 
very much to get into aeronautical engineering, but the opportunity 
had not presented itself. There have been many things in the two 
years since his death that would have been most interesting to him, 
and we miss him greatly. 

“The crash at McGill has never been satisfactorily explained. He 
was a very conservative pilot, and why he should get into a flat spin 
so close to the ground is unexplainable. He had flown the ship, 
which was a J-5 Stearman, a good many hours, and knew the ship. 
His brother, Leonard, died with him in the crash. 

“He went through a full course of the Reserve Officers Training 
Corps at the university and was a lieutenant in the Army Reserve 
Corps. 

was unmarried.” 

Mr. Clays became a junior member of the A.S.M.E. in 1931. 


FREDERICK ARTHUR COLLINS (1893-1936) 


Frederick Arthur Collins, engineer for the Union Gas & Electric 
Co., Cincinnati, Ohio, died in that city on January 4, 1936, after an 
illness of nearly six months. 

Mr. Collins was born in Long Island City, N.Y., on November 24, 
1893, son of John T. and Rosanna Collins. From the Flushing High 
School he entered Cornell University, which gave him an M.E. de- 
gree in 1915. 

During the year after his graduation Mr. Collins was employed by 
the Remington Arms Company, of Bridgeport, Conn., as foreman of 
one of the production shops, machining small parts for a French 
rifle. He then secured a position with the Interborough Rapid 
Transit Company, New York, as assistant field engineer. He was 
first put in charge of the installation of turbines, piping, and boiler 
equipment at the 59th Street Power Station and upon the completion 
of this assignment became technical assistant to the mechanical engi- 
neer, handling all technical work in connection with the operation of 
plants throughout the city. 
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In 1924 Mr. Collins left the Interborough to become mechanical 
inspector for Murrie & Co., New York, and subsequently worked for 
the Griscom-Russell Company, New York, and for about three years 
as power engineer for the Texas Company in that city. He had been 
with the Union Gas & Electric Co. since November 1, 1928, serv- 
ing as engineer with the Power Sales Department in connection with 
negotiations for industrial power contracts. 

Mr. Collins became an associate member of the A.S.M.E. in 1924. 
He is survived by his father, his widow, the former Miss Loretta 
Knott, of Flushing, and by two brothers and two sisters. 


JAMES VAN VORST COLWELL (1870-1937) 


James Van Vorst Colwell, whose death occurred in New York on 
January 14, 1937, was born in that city on November 4, 1870. He 
was the son of Lizzie B. (Van Vorst) and Augustus W. Colwell, who 
was one of the charter members of the A.S.M.E.! Mr. Colwell be- 
came a member of the Society in 1903 and gave generously of his 
time to its activities. He served on the Special Committee on In- 
crease of Membership, 1912-1916, and was always active in the de- 
velopment and work of the Metropolitan Section. 

Mr. Colwell was a member of the Transportation Committee of 
the American Committee for the first World Power Conference, held 
in London in 1924, and he and Mrs. Colwell attended the conference. 

He also served on a special subcommittee on Opportunities of the 
Professional Engineers’ Committee on Unemployment from 1930 to 
1935. 

Mr. Colwell attended public school in New York, Borden Military 
Institute of New Jersey, and Pratt Institute, Brooklyn, and also 
took courses through the International Correspondence Schools. He 
served an apprenticeship in the foundry and erecting shop of his 
father’s ironworks from 1888 to 1891, and after some experience in 
the drafting room, engaged chiefly in the erection of sugar machinery 
at the shops until 1898. In that year he had charge of the erection 
and equipment of works for the U.S. Sugar Refining Company at 
Waukegan, Iil., and the following year inspected beet sugar plants in 
this country and cane sugar plants in Mexico. In 1900-1901 he was 
in charge of the construction, erection of machinery, and operation 
of a beet sugar plant for the Marine Sugar Company, Marine City, 
Mich. From there he went to Pottstown, Pa., where he supervised 
the erection of machinery for Stanley G. Flagg & Co. and the Key- 
stone Foundry. 

At this point Mr. Colwell’s record shows a departure from sugar 
machinery work. He became superintendent of the C. W. Hunt Co., 
West New Brighton, S.I., N.Y., manufacturing hoisting and convey- 
ing machinery, and electric locomotives. He continued in that posi- 
tion until 1906, when he became associated in business with his sis- 
ter’s husband, Henry Harrison Supplee (Manager, A.S.M.E., 1897— 
1900), editor of Cassier’s Magazine, as treasurer and manager of the 
publication. This arrangement was terminated in 1909, and Mr. 
Colwell took the position of manager of the New England Depart- 
ment of the Heine Safety Boiler Company, in which he continued 
until 1912. During the next few years he was connected with the 
Didier-March Company, manufacturers of firebrick of Perth Amboy, 
N.J., as sales engineer, and during the World War was engaged in the 
manufacture and sale of machinery for the production of shrapnel 
bullets. He was a member of the Seventh Regiment, New York, for 
eight years, and, subsequently, belonged to the Veterans Association. 

After the War he carried on a private consulting business as equip- 
ment engineer for a few years, but was not active during the latter 
years of his life. 

Mr. Colwell is survived by his widow, Elizabeth (Rodenbach) Col- 
well, whom he married in 1902. 


ROBERT NEWELL CUNDALL (1875-1936) 


Robert Newell Cundall, chief engineer of the Consolidated Pack- 
aging Machinery Corporation, Buffalo, N.Y., died on October 7, 
1936, in New York, N.Y., of heart trouble. He was born at Putnam, 
Conn., on November 22, 1875, son of Charles L. and Jessie (Fremont) 
Cundall. He prepared for college in the schools of Putnam, and was 
graduated from Worcester Polytechnic Institute in 1897 with a B.S. 
degree in electrical engineering. From then until the latter part of 
1901 he was connected with the sewer department of the City of 
Worcester, working on the design and installation of electrical and 
mechanical equipment. During the next two years he was master 
mechanic for the Bay State Pink Granite Company, Milford, Mass., 
and then for a period of equal length was employed in the master 
mechanic’s department of the Draper Company, Hopedale, Mass. 

In November, 1905, Mr. Cundall returned to his native state to 


1Obituary published in Trans. A.S.M.E., vol. 39 (1917), p. 1207. 
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take a position as draftsman with the Yale & Towne Manufacturing 
Co., at Stamford. Aftersix months he was promoted to assistant to 
the drawing office manager, and a year later became manager of that 
office. He went back to Worcester in December, 1908, and during 
the next year attempted to establish himself in professional work 
there. He had been located in Buffalo since that time, for the first 
three years with the Molyneux Mailing Machine Company, designing 
special automatic machinery, then in private practice. For a number 
of years, beginning in December, 1916, he was a partner in the firm 
of Cundall, Powell & Mosher, Inc., of which he was president, and 
then he became vice-president and chief engineer of the Industrial 
Planning Corporation. He had been with the Consolidated Pack- 
aging Machinery Corporation since December, 1927. He _ held 
several patents in this field. 

Mr. Cundall became a member of the A.S.M.E. in 1918, and was 
also a member of the Buffalo Engineering Society. He was a Mason 
and Knight Templar. Surviving him are his widow, the former Luta 
Lincoln, of Worcester, whom he married in 1898, and two sons, Lin- 
coln A. and Sanford H. Cundall. 


FREDERICK STEWART CUTTING (1882-1937) 


Frederick Stewart Cutting was born in Providence, R.I., on Janu- 
ary 18, 1882, son of Robert and Julia H. (Mott) Cutting. Supple- 
menting his common school education he took private instruction in 
mathematics and allied subjects. He began work at the age of six- 
teen and during the next six years had experience in the telegraph 
service, as a locomotive fireman, and at sea in engine and boiler rooms 
of ocean and coastwise steamers as oiler, fireman, watertender, and 
cadet engineer. In July, 1904, he was employed as assistant to the 
president and engineer of the Massie Wireless Telegraph Company, 
Providence. During the first part of his connection with this com- 
pany, which continued through the year 1911, he was in charge of 
construction, testing, and development work, both commercial and 
for the Navy. In 1908 and 1909 he was engaged in power house and 
substation service for the New Haven railroad, then he returned to 
the construction and development of radio and wireless telephony 
towers and mechanical devices. 

In 1912 Mr. Cutting worked for six months as fireman for the New 
Haven railroad. Subsequently he was employed by the New Lon- 
don Ship & Engine Co., at Groton, Conn., on the construction and 
testing of Diesel engines for submarines. He next became chief clerk 
of the Power and Line Department of the Rhode Island Company 
(serving local street railways), whose plant later became part of the 
New England Power Company. 

Early in 1917 Mr. Cutting was at sea in the engine department of 
trans-Pacific ships burning oil. Shortly after the United States en- 
tered the World War he became an instructor in electrical engineering 
at the U.S. Navy Radio School at Harvard College. Later he served 
as Engineer Officer in the U.S. Navy, in connection with recondition- 
ing former German liners at the Boston Navy Yard; as inspector of 
machinery for the U.S. Shipping Board, Emergency Fleet Corporation; 
and as assistant superintendent of the Lord Construction Company, 
at Providence, supervising the installation of machinery and equip- 
ment on a number of vessels outfitted at this plant. After the War he 
was again at sea on large oil-burning vessels, principally South 
American and West Indian. 

From November, 1923, to October, 1926, Mr. Cutting was employed 
by the Dwight P. Robinson Co., of New York, and the Carleton- 
Mace Company, of Boston, on the construction of a 150,000-hp power 
plant for the New England Power Company. During intervals be- 
tween the completion of contracts in this period he spent some time 
as engineer on the Colonial Line steamers, and on the Standard Oil 
tank ship, Standard Arrow. After the completion of the power plant 
he was for nine months appraisal engineer for the Jackson & More- 
land Co., of Boston, on power house and public utility work. 

For a short period in 1924 Mr. Cutting was employed in the office 
of the public service engineer at Providence, and in the fall of 1927 he 
was appointed deputy public service engineer for that city, and placed 
in charge of the smoke inspection department under the general 
direction of the public service engineer. He was appointed deputy 
public service engineer in May, 1929, and held that office for the re- 
mainder of his life. 

Mr. Cutting held Government certificates as first assistant, ocean 
steamships of any gross tons; second assistant, Diesel ships of any 
gross tons; chief electrician in charge for naval radio; chief electrician 
for submarine vessels; qualified submarine diver on deep-sea work; 
and radio operator, commercial, first order. 

He became a member of the A.S.M.E. in 1934 and belonged also 
to the American Institute of Electrical Engineers and the Provi- 
dence Engineering Society. He had served as chairman of the library 
committee of the latter organization, and at the time of his death was 
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chairman of its committee on employment. He was a Knight Tem- 
plar and a Shriner. 

Mr. Cutting died at his home in Providence on March 13, 1937. 
He is survived by his widow, Ida S. (Davis) Cutting, whom he married 


in 1905, and by one daughter, Gertrude D. Cutting. 


CHARLES EARLE DAUGHERTY (1881-1936) 


Charles Earle Daugherty, president, treasurer, and general man- 
ager of the Norbom Engineering Company, Darby, Pa., died at the 
Jefferson Hospital, in Philadelphia, on October 22, 1936. His widow, 
Anna Mary (Dunn) Daugherty, whom he married in 1911, survives 
him. 

Mr. Daugherty was born at Thompsontown, Juniata County, Pa., 
on January 19, 1881, his parents being John Riley and Catherine 
(Fleet) Daugherty. He was valedictorian in the Class of 1899 at the 
Scranton High School and during the next year taught in public 
schools in Delaware Township, Juniata County. Then for three 
years he was connected with the International Correspondence 
Schools, of Scranton, dealing particularly with students of mathemat- 
ics. He also taught in public night schools in Scranton in 1901. 
He was deputy prothonotary of Lackawanna County, Pennsylvania, 
from 1904 to 1907, and then, after serving again as teacher for the 
1.C.S. during the first part of 1907, became draftsman for the Ameri- 
can Bridge Company, at Pencoyd, Pa. In 1908 he completed the 
course in mechanical engineering of the I.C.S. and entered the em- 
ployment of James Boyd & Bros., Philadelphia. He was draftsman 
for a year and then chief draftsman until 1917, when he was made 
chief engineer. 

All of his work for this company had to do with motor-driven fire 
apparatus and during the first six months of 1918 he was engaged in 
research work on liquid fire apparatus for the U.S. Ordnance Depart- 
ment as chief engineer of the Boyd Manufacturing Company, Phila- 
delphia. From July to October of that year he was checker on air- 
plane controls and machinery in the Engineering Department of 
the Naval Aircraft Factory at Philadelphia, then entered the Engi- 
neering Division of the Ordnance Department, Washington, D.C., 
where he served as first lieutenant until January 2, 1919, in research 
work in the Gas and Flame Section of the Division. 

Following his release from service he took a position as chief en- 
gineer of the Norbom Engineering Company, manufacturers of hy- 
draulic dredges and dredging machinery. He became vice-presi- 
dent, assistant treasurer, and general manager of the company in 
1929 and its president and treasurer in 1935. He had patented a 
sealing device for a dredging or similar pump. 

Mr. Daugherty’s membership in the A.S.M.E. dated from 1929 
He was an excellent pianist, and was assistant organist at the Metho- 
dist Episcopal Church in Wayne, Pa., where he made his home. 


BRADFORD H. DIVINE (1869-1934) 


Bradford H. Divine, president of the Divine Brothers Company, 
Utica, N.Y., died on November 24, 1934. He was born in Utica on 
July 5, 1869, and established the firm of Divine Brothers (afterwards 
incorporated under its present name) in 1894, for the manufacture of 
metal-finishing tools. The business expanded into the manufacture 
of metal-finishing equipment and the development of processes for 
the reduction and finishing of metals by flexible grinding and polish- 
ing. As president of the company Mr. Divine directed work for com- 
panies manufacturing a wide variety of products, from cold-rolled 
shafting to jewelry, and including saws, axes, gun and automobile 
parts, cutlery, and all kinds of tools. His knowledge of abrasives 
was extensive and he designed many tools and developed the proc- 
esses for the work of the company. 

Mr. Divine became an associate of the A.S.M.E. in 1917 and a 
member the following year. He had served as president of the Metal 
Finishing Equipment Association. 


WILLIAM ALBERT EDWARD DOYING (1867-1936) 


William A. E. Doying, inspecting engineer of the Panama Canal, 
died at his home in Washington, D.C., on August 3, 1936, after 4 
prolonged illness. He had served in connection with the Panama 
Canal for more than 30 years. 

Mr. Doying was born on June 13, 1867, at Danville, Ont., Can., 
son of Ira Edward and Sarah Jane Doying. His higher education 
was secured at Stevens Institute of Technology, for which he prepared 
at the Stevens High School. He attended the Institute for two years, 
with the Class of 1890, then went to work as a machinist in a molding 
and planing mill in New York. 

During the years 1891-1896 he was located in Summit, N.J., where 
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he was a member of the firm of Doying Brothers, electrical contrac- 
tors, for several years, and then superintended the remodeling of the 
Hotel Beechwood and the erection of cottages, the plans for which 
he had drawn; he also had charge of the installation of boilers, a 
hydraulic elevator, steam laundry machinery, gas machinery, and 
kitchen steam apparatus. 

For a year, beginning in August, 1896, Mr. Doying was drafts- 
man on telephone and switchboard work for the Western Electric 
Company, New York. During the next eight years he was engaged 
in general engineering work for the Metropolitan Street Railway 
Company, New York. He was squadmaster in connection with the 
construction of both the 96th and Kingsbridge power stations, check- 
ing drawings and contractors’ prints for water, steam, exhaust, and 
circulating water piping, structural work, and similar details. For 
the substation and car house at Amsterdam and 129th Streets, the 
Bayard and Elizabeth Streets substation, and the Second Avenue 
and 65th Street substation, he was in charge as checker, laying out all 
electrical apparatus, rotaries, switchboards, and wiring. In addition 
to his work for the Metropolitan Street Railway Company, he assisted 
its chief engineer, F. 8S. Pearson, who was also consulting engineer for 
the Sao Paulo Tramway Light & Power Co., of Brazil, by checking 
plans and contractors’ drawings for a 2000-hp hydroelectric generat- 
ing station and stepdown station for that company. 

In September, 1905, Mr. Doying was appointed assistant inspecting 
engineer for the Panama Railroad Company, with offices in New 
York. He was in charge of the inspection of all materials and ma- 
chinery used in the construction of the Panama Canal and railroad. 
He was appointed inspecting engineer of the Isthmian Canal Com- 
mission and transferred to Washington in the fall of 1908. The Com- 
mission became known as The Panama Canal in 1914. 

In connection with his position he was appointed a member of the 
Federal Specifications Board and served on numerous committees 
under the Board, such as the Electric Lamp Committee, Committee 
on Standard Cement Specifications, and Committee on Standardizing 
Rubber Specifications. 

Mr. Doying was elected a member of the A.S.M.E. in 1907. He 
allowed his membership to lapse in 1924 but renewed it in 1929. 
He served asa member of the Executive Committee of the Washington 
Section in 1932. He was a member of the American Institute of 
Electrical Engineers, and also belonged to the Society of Automotive 
Engineers, Society of American Military Engineers, Washington 
Society of Engineers, and Cosmos Club, Washington. 

He is survived by his widow, Caroline A. (Huttner) Doying, whom 
he married in 1900, and by two sons, Arthur C. and Howard H. 
Doying, all of Washington, D.C. 


CHARLES WHITNEY DUNN (1865-1936) 


Charles Whitney Dunn was born in Granville, Ill., on October 9, 
1865, the son of James and Lusette Dunn. He was educated at the 
Granville High School, Oberlin Preparatory School, and Cornell Uni- 
versity, receiving the M.E. degree from Cornell in 1893. From gradua- 
tion until 1907 and from 1912 until 1928, with the exception of a 
few short intervals, he was with the Robert W. Hunt Company, 
Chicago and New York, engaged in testing, appraisal, and inspection 
work. This included inspection or appraisal responsibilities in con- 
nection with reciprocating and turbine power plants, railroad track 
construction, water-pumping machinery, locomotives, and _ steel 
buildings. During the War he was in charge of the inspection of 
materials ordered by the General Engineering Depot, Washington. 

Ill health kept him from active work from 1907 to 1912 and from 
1928 to 1930. In December, 1930, he became associated with the 
Polytechnic Institute of Brooklyn, designing and supervising the 
construction of equipment and apparatus in the metallographical, 
industrial, aerodynamic, and mechanical laboratories. He became 
interested in teaching and conducted some evening classes. During 
the interval from December, 1934, to June, 1936, he was with the 
Sperry Gyroscope Company, Brooklyn, on investigation and inspec- 
tion work. He then returned to the Polytechnic Institute in connec- 
tion with the design and construction of an experimental flume for 
the hydraulic laboratory. On September 8, 1936, he died suddenly 
from heart trouble, at the end of a day’s work. 

Mr. Dunn joined the A.S.M.E. in 1897. He was a member of the 
Municipal Club of Brooklyn and active in its work. He is survived 
by his wife, Ida (Conrad) Dunn, whom he married in 1895.—[Memo- 
= ek by Epwin F. Cuurcn, Jr., Brooklyn, N.Y. Mem. 
A.S.M.E.] 


JAMES HERBERT EDDY (1909-1935) 


_ James Herbert Eddy, who became a junior member of the A.S.M.E. 
in 1931, was born on February 26, 1909, at Hot Springs, Ark., the 
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son of Frank Herbert and Olga (Helmsmiller) Eddy, and died on June 
13, 1935, at Lynn, Mass. He entered the University of Arkansas 
from the Hot Springs High School and was graduated with a B.S. 
degree in mechanical engineering in 1930. This was supplemented 
by an advanced course in engineering at the General Electric Com- 
pany, Schenectady, N.Y. 

In 1931 and 1932, Mr. Eddy was employed in the testing depart- 
ment at the Schenectady works of the General Electric Company, 
and, for the next three years, was stabilizer engineer with the Bell 
Oil & Gas Co., Grandfield, Okla. In 1935, he returned to the Gen- 
eral Electric Company, this time in the standardizing laboratory at 
the West Lynn, Mass., works, where he was engaged in developmental 
and experimental work. 

Mr. Eddy was particularly interested in measuring and testing ap- 
paratus and welding apparatus and supplies. 


GODFREY ENGEL (1860-1936) 


Godfrey Engel, retired sugar-refining engineer, died on May 29, 
1936, at the home of his daughter, Mrs. William V. Gosline, in Glens 
Falls, N.Y., where he had lived for two years. Surviving him is also 
his son, Godfrey Engel, Jr. 

Mr. Engel was born at Zingst, Prussia, Germany, on July 6, 1860. 
He secured his technical education in the United States, attending 
the School of Mines of Columbia University for two years, 1876-1878. 

He then served a three-year apprenticeship in the drafting room 
and shops of S. 8S. Hepworth & Co., New York, and continued in the 
employ of the company, superintending the erection of machinery at 
several sugar refineries in Brooklyn and Philadelphia in 1882, then 
designing and erecting machine works for the Hepworth Company at 
Yonkers. 

From April, 1883, to August, 1886, he was chief engineer for the 
Brooklyn Sugar Refining Company, then returned to the Hepworth 
Company for about a year in the capacity of chief draftsman. Sub- 
sequently he was chief engineer for the Moller Sierck Sugar Refineries 
and chief draftsman for what was called the ‘‘Sugar Trust”’ of Brook- 
lyn, for about a year each, 

In 1889 Mr. Engel left Brooklyn to take the position of chief engi- 
neer of the Baltimore Sugar Refining Company, which he held until 
1897. The Sugar Apparatus Department of Bartlett, Hayward & 
Co., Baltimore, then secured his services as chief engineer, and he 
continued in that position for about eight years. In 1905 he went to 
Pittsburgh, Pa., where for several years he was chief engineer of the 
Sugar Mill Department of the Riter, Conley Manufacturing Com- 
pany. 

In 1908 Mr. Engel became associated with the American Sugar 
Refining Company. He took charge of standardizing beet sugar 
plants, with his office at Fort Collins, Colo. Two years later he re- 
turned to Brooklyn, where he was chief engineer of design and con- 
struction of the company’s refinery. He resigned in 1918 to carry on 
consulting and construction work under the firm name of the Godfrey 
Engel Sr. Construction Co. He had charge of the design of the 
Hershey Cane Sugar Mill, Cuba, and from 1918 to 1921 was chief 
engineer of the Sugar Mill Department of the Buffalo Foundry & 
Machine Co. Subsequently his work was restricted to consulting 
practice. 

Mr. Engel became a member of the A.S.M.E. in 1892. He be- 
longed also to the Masonic fraternity. 


ARTHUR EMERY FREEMAN (1882-1935) 


Arthur Emery Freeman died in Arlington, Mass., on October 15, 
1935, after an illness of more than eight years. He had been a mem- 
ber of the A.S.M.E. since 1921. 

Mr. Freeman was born on December 27, 1882, at Arlington, Mass., 
and was the son of Horace A. and Mary (Emery) Freeman. He pre- 
pared for college at the local high school and was graduated from the 
mechanical engineering course at Massachusetts Institute of Tech- 
nology with an S.B. degree in 1905. From ‘1906 to 1909, he was em- 
ployed by the Government as resident engineer in charge of prepara- 
tion of plans for heating, ventilating, and plumbing equipment for 
the House and Senate Office Buildings, Washington, D.C., and super- 
vised its installation. Subsequently he was appointed heating and 
ventilating engineer for the District of Columbia but resigned, after 
a few months, to engage in the practice of consulting heating and 
ventilating engineering at Toronto. In the nine years that Mr. 
Freeman was in Toronto, he prepared plans and specifications for 
and supervised the installation of heating, ventilating, and plumbing 
equipment for numerous schools, churches, hospitals, banks, and in- 
stitutions. He prepared plans, in 1920 and 1921, for the mechanical 
equipment that was installed in the new office building of the John 
Hancock Mutual Life Insurance Company, Boston, Mass., under 
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the supervision of F. A. Waldron, consulting engineer for the owner. 
From 1921 to 1926, Mr. Freeman was connected with the firm of 
French & Hubbard, Boston, and, subsequently, was a consulting 
heating and ventilating engineer in that city, but had retired from 
business at the time of his death. 

Between 1915 and 1920, Mr. Freeman invented two mechanical 
boat davits. The first of these was approved and used extensively 
by the U.S. Shipping Board and was credited with the saving of many 
lives during the World War. The other was exhibited at the 1920 
Motorboat Show and was one of the only two exhibits mentioned by 
The Scientific American in its review. 

His widow, Ethel (Davis) Freeman, whom he married in 1907, 
survives him. 


GEORGE C. FRY (1878-1935) 


George C. Fry died at the Joseph Price Memorial Hospital, Phila- 
delphia, Pa., on May 5, 1935, of pulmonary embolism. He was born 
at Eberlys Mills, Pa., a village located about five miles southwest of 
Harrisburg, on November 2, 1878, his parents being Jonathan and 
Susan (Wilt) Fry. His education was acquired in public schools, 
from a private tutor, and at Drexel Institute, Philadelphia, Pa. 

From 1899 to 1911, Mr. Fry was in charge of the design and con- 
struction of new power-plant equipment and its installation for the 
Howard W. Read Company, Philadelphia. He was general manager 
of the National Waste Company, a Philadelphia manufacturer of 
waste for packing railroad journal boxes and for wiping, for approxi- 
mately four years. In 1916, he entered the employ of the American 
Laundry Machinery Company, Cincinnati, Ohio, as a sales engineer 
in its Philadelphia office. Mr. Fry was made manager of the Boston, 
Mass., office a year later and in 1925 was transferred to the New York, 
N.Y., office, where he was a sales engineer, specializing in hotel and 
institutional installations at the time of his death. In this capacity, 
he installed the laundry machinery in many leading hotels and 
hospitals in New York and the surrounding territory. Probably the 
most noteworthy of these were laundries for the Columbia Presby- 
terian Medical Center and Cornell University Medical College, both 
in New York, for which he not only designed the equipment but also 
supervised its installation. 

Mr. Fry had been an associate-member of the A.S.M.E. since 
1926 and also belonged to the Engineers Club of Philadelphia, the 
Kiwanis Club, New York, and the Order of 1606, Boston, and the 
Odd Fellows and Masonic fraternity. 

He married Miss Ethel M. Hummell in 1905 and is survived by her 
and a son, William Rawlings Fry. 


GEORGE GROSS FRYER (1854-1936) 


George Gross Fryer, who died on January 28, 1936, was born on 
May 25, 1854, in Philadelphia, Pa., the son of George and Mary Jane 
(Smyth) Fryer. His application for membership in the A.S.M.E. in 
1891 contains the following record of his education and work up to 
that time. 

‘*My early education was obtained mostly in private schools. From 
the ages of ten to sixteen I pursued a course at the Protestant Episcopal 
Academy, Philadelphia. I served a regular apprenticeship in the 
machine business with John L. Knowlton, Sharon Hills, Pa., 1871- 
1875. After obtaining my majority I took a course in civil and me- 
chanical engineering at the Polytechnic College of the State of Pennsyl- 
vania at Philadelphia, graduating in 1877 as bachelor of mechanical 
engineering. The degree of master of mechanical engineering was 
conferred upon me by the College in 1881. 

“Shortly after graduating I accepted a position as chief engineer 
of the Delaware River Chemical Works, now Baugh & Sons Co., and 
remained with them until the spring of 1881. For nine years I had 
charge of the manufacturing department and the entire management 
of the estate of George Fryer, at the same time being connected with 
several enterprises of a mechanical and engineering nature. 

“IT am now first assistant to the chief engineer of the Solvay Process 
Company, Syracuse, N.Y., engaged in general engineering work 
connected with the manufacture of soda ash, caustic soda, and bi- 
carbonate of soda.” 

In a record given the Society in 1924, there is also a reference to 
studies at The Franklin Institute in 1871-1873, while Mr. Fryer was 
serving his apprenticeship, and a note indicating that the manage- 
ment of his father’s estate entailed the design and manufacture of 
art furniture. 

This later record shows that Mr. Fryer was purchasing agent for 
the Semet-Solvay Company from 1900 to 1908, estimating engineer 
for the Solvay Process Company from then until 1913, and consulting 
engineer for the company during the next five years. He was also 
secretary-treasurer and manager of the Salina Realty-Security Com- 
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pany for many years, beginning in 1903, and of the Lux Development 
Company from 1915 to 1918. He was secretary and manager of the 
Globe Graphite Company from 1916 to 1918. 

Mr. Fryer was for five years an associate member in Company A, 
First Regiment, National Guard of Pennsylvania. He was a member 
of the Engineering Committee for Onondaga County, U.S. Fuel Ad- 
ministration, in 1917-1918. He has served as president and director 
of the Onondaga Historical Association and Syracuse Museum of 
Fine Arts, and was president of the Tech Club, Syracuse, for four 
years. He was a trustee and member of the Building Committee of 
the First English Lutheran Church of Syracuse. 

Mr. Fryer married Regina Fremmel, of Syracuse, in 1901. Both she 
and their son, George von Albade Fryer, predeceased Mr. Fryer. 


EDWIN W. GOESER (1882-1936) 


Edwin W. Goeser was born on February 20, 1882, in Cincinnati, 
Ohio, son of August and Emilie (Kaiser) Goeser. He secured his 
education in his native city, and after graduation from a technical 
school there in 1899 went to Seneca Falls, N.Y., where he was em- 
ployed for a year as draftsman for the American Fire Engine Com- 
pany. He then returned to Cincinnati and from July, 1900, to 
October, 1905, was draftsman and designer for the R. K. Le Blond 
Machine Tool Co., working on lathes, milling machines, and special 
machinery and tools. 

During the remainder of his life Mr. Goeser was located in Cali- 
fornia. He was associated with R. S. Masson, consulting electrical 
engineer of Los Angeles, from November, 1905, to June, 1906, de- 
signing miscellaneous electrical appliances, following which he spent 
brief periods as chief draftsman on small gas engines and special ma- 
chinery for the McCan Mechanical Works in that city and in the 
Mechanical Department of the Los Angeles Pacific R.R. Co., at 
Sherman. 

In April, 1907, he began a long engagement with the Union Tool 
Company, of Torrance. In his capacity as chief engineer of this 
company he was in charge of the engineering department and di- 
rected the manufacture of oil-well tools and equipment for both 
standard and rotary drilling, pumping equipment, gas, steam drilling, 
and crude-oil engines, steam and rotary pumps, and tractors. In 
1923 he became associated with E. M. Smith, being made genera] 
manager of the Emsco Tool Company, Los Angeles, and when that 
company was merged with the Emsco Steel Products Company in 
1926 to form the Emsco Derrick & Equipment Co., Mr. Goeser was 
made second vice-president and manager of production, the position 
he held at the time of his death on January 21, 1936. 

The following paragraph regarding his special inventions and de- 
signs is taken from an obituary published by Petroleum World, in its 
February, 1936, issue: 

‘‘While it is not as widely known as his work in the heavy-duty 
equipment field, Mr. Goeser developed one of the first electrical vac- 
uum cleaners, which he sold to the Hoover Vacuum Cleaner Com- 
pany in 1911. He is better known in the petroleum-equipment 
field for having designed the first California-built rotary machine, 
which embodied outstanding improvement in its enlarged design and 
construction. Heavy-duty drilling equipment and the evolutionary 
trend in rotary drilling machinery since rotary machines first were 
tried in California, were engineered almost entirely by him.” 

Mr. Goeser had been a member of the A.S.M.E. since 1917. He 
resigned as a director of The American Petroleum Equipment Sup- 
pliers Association in November, 1935. He was a member of the 
California Oil and Gas Association and belonged to the Masonic fra- 
ternity. He played the violin and was particularly devoted to tennis. 
Surviving him are his widow, Florence M. Goeser, a daughter, Janet 
E. Goeser, his mother, and a sister. 


JAMES BALE GREEN (1878-1935) 


James Bale Green, the first employee to be hired by the Lucas 
Machine Tool Company, Cleveland, Ohio, when it started business 
in 1900, and its superintendent of production at the time of his death 
on November 8, 1935, was a native of Canada. He was born at Hamil- 
ton, Ont., on May 8, 1878, son of Thomas Allen and Mary (Bale) 
Green. His education was acquired in the public schools of Cleveland 
and through International Correspondence Schools courses in me- 
chanical engineering and designing. 

Mr. Green served as an apprentice in the shop and drafting room 
of the Warner & Swasey Co., Cleveland, from 1895 to 1899, and, upon 
completion of his apprenticeship, was employed by the Westinghouse 
Machine Company for approximately one year. When the Lucas 
Machine Tool Company began operations in 1900, he was engaged as 4 
draftsman and remained with that organization until he died. He 
served successively as designer, chief draftsman, and superinten- 
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dent of production and, in these capacities, contributed many im- 
provements to the company’s products. 

In addition to the A.S.M.E., of which he became a member in 1912, 
Mr. Green belonged to the American Society for Metals and was 
active in the Associated Industries of Cleveland. In 1905, he joined 
the Civil Engineers’ Club of Cleveland, now the Cleveland Engineer- 
ing Society, and was elected a veteran member in 1931. Mr. Green 
was a Knight Templar and a Shriner. His particular interests were 
his family, his garden, and anything, either large or small, that per- 
tained to boring machines. He is survived by his widow, Lillian FE. 
(Broome) Green, whom he married in 1900, a daughter, Ruth M. 
Rash, and a son, Donald C. Green. 


JAMES ALEXANDER HALL (1888-1936) 


James Alexander Hall, for many years active in the affairs of the 
A.S.M.E. and a vice-president elect of the Society, died on October 
29, 1936. He was born in Berlin, Vt., on July 26, 1888, son of Joseph 
and Agnes Brock (Hardie) Hall. He attended the public schools of 
Providence and was graduated from Brown University in 1908 with 
the degree of A.B. He received the degree of Bachelor of Science in 
mechanical engineering from the same institution in 1910, remaining 
as assistant and then instructor in mechanical engineering until 1914, 
when he became connected with the engineering department of the 
Link-Belt Company in Philadelphia, Pa. The following year he re- 
turned to Brown University as assistant professor of mechanical engi- 
neering. He became associate professor in 1920, and in 1925 was 
appointed professor of mechanical engineering. Professor Hall also 
carried on a consulting engineering practice, and was associated with 
the Brown & Sharpe Manufacturing Co. in Providence, R.I., as con- 
sulting engineer from 1926 until the time of his death. In 1919 Pro- 
fessor Hall married Miss Leila Tucker, who with three children, a son 
and two daughters, survives him. He was a member of the Univer- 
sity Club of Providence, the Faculty Club of Brown University, and 
of the Central Congregational Church of Providence. 

Professor Hall joined the A.S.M.E. as a junior in 1912, became an 
associate member in 1918, and a member in 1923. At the Council 
Meeting in December, 1936, he was posthumously elected the first 
Fellow of the Society. He was the first chairman of the Providence 
Section, serving for two years, 1921—1922, and a member of the Stand- 
ing Committee on Local Sections from 1922 to 1926, being chairman 
the last year. He had been honorary chairman of the Student 
Branch at Brown University since 1928. He was a member of the 
Research Committee on the Cutting and Forming of Metals from 
1923 to 1931, and chairman in 1926 and 1927. He was chairman of 
the Noniinating Committee of the Society in 1929, and a member of 
the Committee on Constitution and By-Laws, 1931 to 1933. He was 
elected a manager of the A.S.M.E. in 1933 and served on the Execu- 
tive Committee of the Council from then until his death. At the 
time of his death he was also chairman of the Machine Design Com- 
mittee of the Machine Shop Practice Division and a representative of 
the Society on the Joint Committee on the Unwin Memorial. 

Professor Hall was a past-president and a very active member of 
the Providence Engineering Society and was a past-chairman of the 
New England Section of the Scciety for the Promotion of Engineer- 
ing Education, a member of the Newcomen Society and the Society 
of Sigma Xi, and a fellow of the American Association for the Ad- 
vancement of Science. 

He was one of four authors of ‘‘Profitable Science in Industry,” 
published in 1924 by Macmillan. He also contributed many tech- 
nical articles to the engineering journals and the publications of the 
A.S.M.E. He taught courses at Brown University in mechanism and 
machine design, applied mechanics, and industrial management. 

When the State Employment Service decided in 1935 to conduct 
competitive examinations similar to those of the Civil Service, Pro- 
fessor Hall was appointed special representative of the United 
States Employment Service to conduct the tests. 

While in college he was an outstanding student, winning, among 
other honors, the first Hartshorn premium in entrance mathematics 
in his freshman year. As a teacher he had a mind which penetrated 
to the very core of a problem and an unusual capacity for making the 
intricate and obscure clear and intelligible to others, qualities which 
inspired confidence and kindled enthusiasm in his students. He was 
recognized nationally as an outstanding consultant in the field of ap- 
plied mechanics and design, and his irresistibly likable qualities won 
for him a host of friends. He was the type of man whom one natu- 
rally addressed by his first name. Asan indication of the qualities 
which made him so universally admired, the following quotation from 
a letter written to Mrs. Hall by Harry R. Westcott and Professor 
Samuel W. Dudley on behalf of the Regional Group I Delegates 
Conference of the A.S.M.E. is of interest: 

‘We knew Jim Hall intimately as a fellow worker, companion, and 
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friend. In all these relations, we admired his steadfast devotion to a 
high idealism; we delighted in the vivid play of his always kindly 
humor, and we were warmed by the sincerity of his inclusive friend- 
liness. 

‘‘He was a resourceful and stimulating contributor to our meetings, 
ever ready to give freely of his time and abilities and always effective 
in elevating the professional level of our discussions and in promoting 
the friendly cooperation of our members. 

‘‘We are deeply indebted to him for his outstanding services to the 
Local Sections of the Society, and particularly to those here in New 
England, both as an official in our National Society and as a fellow 
member. His keen insight and wide personal experience in Society 
affairs enabled him to bring to our meetings and conferences infor- 
mation and interpretations of actions and trends which quickened our 
understanding and deepened our appreciation. He renewed and 
strengthened our loyalty to the Society of which he was so proud 
and to which he devoted himself so unsparingly and so effectively. 

‘‘In the shadow of our great loss, we are uplifted by the memory of 
his enthusiasms, his zeal, and his rare qualities of mind and heart. 
We are profoundly grateful for his influence upon the host of young 
engineers who were guided by his counsel and inspired by his example. 
These, his living monuments, through many years and in many lands, 
shall rise up and call him blessed.’-—[{Memorial prepared by W. H. 
KENERSON, Providence, R.I. Mem. A.S.M.E.] 


RICHARD HAWORTH (1896-1935) 


Richard Haworth was born at Dorchester, Mass., on February 10, 
1896, son of Samuel and Emma (Smethurst) Haworth. He attended 
the Mechanic Arts High School in Boston and entered Tufts College 
with the Class of 1919. In 1917 he enlisted in the naval air force, 
in which he held the rank of lieutenant when discharged in 1920. 
He returned to take his B.S. degree in engineering at Tufts in 1921, 
and since that time had been connected with the Otis Elevator Com- 
pany. 

He spent his first year with the company in the factories, studying 
methods of manufacture, installation, and maintenance. He was 
then put in charge of the office located at Huntington, W.Va., 
covering the territory in southern West Virgina and eastern Ken- 
tucky. Then he was transferred to Indianapolis, covering the State 
of Indiana, and next was made local manager, at Baltimore, for the 
State of Maryland. Subsequently he was made manager of the Balti- 
more Zone of the company, comprising the territory covered by the 
States of Maryland, Virginia, and North Carolina, and the District 
of Columbia, and was serving in that capacity at the time of his 
death on May 14, 1935. 

Mr. Haworth became an associate of the A.S.M.E. in 1927. He 
belonged to the University Club of Indianapolis, the Maryland Club 
of Baltimore, and the Baltimore Country Club, and was a member of 
Delta Tau Delta fraternity and a Mason. 

Surviving Mr. Haworth are his widow, Louise (Chester) Haworth, 
whom he married in 1928, and two children, Joan Louise and Cathleen 
Chester Haworth. 


GEORGE ERNEST HEATH (1881-1935) 


George Ernest Heath, chairman and managing director of Carels 
Diesel & Steam Engines Ltd., London, England, since 1919, died on 
March 18, 1935. He was born at Cottingham, East Riding, York- 
shire, England, on July 3, 1881, and was educated through private 
tutoring and at Hull Technical College. His first position was that 
of assistant engineer for the York & Dundee Municipal Electrical 
Works, in 1902-1903. During the next seven years he was engineer 
and manager for Erith Council Electric Light & Transportation, in 
London. He was engineer for the Diesel Engine Co. Ltd., London, 
from 1910 to 1914, and from then until the close of the World War 
was chief engineer and manager of the Chilwell National Shell Filling 
Factory, directing the filling of high-explosive shells. 

Mr. Heath became a member of the A.S.M.E. in 1929 and also be- 
longed to the Diesel Engine Users Association. 


WILLARD HENRY HERR (1886-1937) 


Willard Henry Herr, sales engineer in charge of the New York office 
of the Hydraulic Press Manufacturing Company, of Mt. Gilead, 
Ohio, died at his home in Leonia, N.J., on April 11, 1937. Heissur- 
vived by his parents, William Henry and Carrie Estella (Root) 
Herr, a sister, Mrs. James De Witt Patten, of Windber, Pa., and by 
his widow, Anna Elizabeth (Jones) Herr, whom he married in 1917. 
He had been a member of the A.S.M.E. since 1923. 

Mr. Herr was born on October 23, 1886, at Columbia, Lancaster 
County, Pa., and attended school there. He served an apprentice- 
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ship as machinist and draftsman with the Wilson Laundry Machin- 
ery Company, of Columbia, and worked for a year in their drafting 
room. He then went to Pittsburgh where he was employed for about 
a year as machinist and draftsman by the Dau-Marsch Company, 
working on the design of an experimental rotary gasoline engine. 
Following this he spent something over two years with the Pullman 
Motor Car Company, York, Pa., designing tools and jigs for manu- 
facturing automobile engines. 

In October, 1910, Mr. Herr took a position with the Columbia 
Manufacturing Company and until March, 1912, was in responsible 
charge of the design and installation of steam laundry machinery 
for special requirements. During the next two and a half years he 
was designing draftsman for the Westinghouse Machine Company, 
East Pittsburgh, working on horizontal gas engines and machine 
tools. Then after a few months with the Lake Erie & Ohio River 
Canal Board, Pittsburgh, as draftsman and computer, he became 
engineering salesman and designing draftsman for the Hydraulic 
Press Manufacturing Company. His first engagement with the 
company was only for a few months, after which he was recalled by 
the Westinghouse Machine Company to work on the design of steam 
turbines for central power station and marine use. He became 
manager of the New York office of the Hydraulic Press Manufacturing 
Company in August, 1918. 


THEODORE HENRY HINCHMAN (1869-1936) 


Theodore Henry Hinchman, the son of John Marshall Hinchman 
and Ella (Cropsey) Hinchman, was born in Detroit, Mich., on June, 
24, 1869. His forebears were important people in Detroit back in the 
days when it began to develop from a town almost exclusively French 
in character, into an American city. His great-grandfather, Dr. 
Marshall Chapin, was one of Detroit's early physicians, having left 
his home in New York State in 1809 to settle there. In 1819, his 
grandfather, Theodore Henry Hinchman, established a wholesale 
drug business, which, after the founder's death, was carried on by his 
sons under the name of T. H. Hinchman’s Sons, and which ultimately 
became The Michigan Drug Company of the present time. With 
such a background, the subject of this memoir may well be called a 
‘*‘Detroiter,’’ since he and his relatives have taken an active part in 
the growth and development of the city for more than one hundred and 
twenty-five years. 

As a boy, Mr. Hinchman attended the Detroit Public Schools, and 
was graduated from the Old Detroit High School in 1887. He then 
entered the University of Michigan, at Ann Arbor, Mich., from which 
he was graduated from the Liberal Arts Department in 1891, with 
the degree of Bachelor of Arts, and from the Engineering Depart- 
ment, in 1893, with the degree of Bachelor of Science. While ac- 
quiring his training as an engineer, he had the good fortune to study 
under Mortimer E. Cooley, beginning a friendship which continued 
for the remainder of his life. 

During college vacations he worked on the engineering staff of the 
Michigan Central Railroad Company, and under Henry M. Leland, 
with the Leland, Faulkner, Norton Company. After his graduation, 
in 1893 and for a part of 1894, he served under Professor Cooley and 
under Jesse M. Smith, on consulting engineering work. 

In the latter part of 1894, the partnership of Field and Hinchman, 
consulting meehanical and electrical engineers, was formed. Times 
were hard in those years immediately after the panic of 1893; and it 
took real courage to start a new business, venturing all one’s small 
financial resources. Fifteen hundred dollars was the paid-in capital 
with which the new firm started. Of this amount, Theodore Hinch- 
man contributed $1000 which had come to him through a legacy from 
his maternal grandfather, John G. Cropsey, of Chittenango, N.Y. 
George H. Field had also been recently graduated from the University 
of Michigan. 

As can be seen by the dates, this was long before the development 
of the automobile industry in Michigan. Detroit was a slow, easy- 
going city of about 250,000 people—approximately one-sixth of its 
present size. It was a pleasant, clean place in which to live, being 
largely a jobbing center with comparatively little manufacturing. 
The first steel-frame office building was constructed about this time. 
There was very little work for the consulting engineer in such a com- 
munity, and it was very difficult to secure enough of it ‘‘to keep the 
wolf from the door.” 

A year later, on October 24, 1895, Theodore Hinchman married 
Emma MacAllan Ballentine, at her home in Port Huron, Mich. 

When war was declared against Spain in 1898, Mr. Hinchman tem- 
porarily left his work in Detroit to enlist in the Navy as chief ma- 
chinist on the U.S.S. Yosemite, serving under his old friend and pro- 
fessor, Mortimer E. Cooley, who was chief engineer of that ship. 
The Yosemite served in the blockades of Santiago, Cuba, and of San 
Juan, Puerto Rico. 
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After the war, Mr. Hinchman resumed his work as consulting engi- 
neer; and by hard, faithful, and effective service built up his repu- 
tation. 

The advent of the automobile business, and the increase in manu- 
facturing in Detroit after 1900, brought more demand for the services 
of a man who had proved his ability and reliability during the preced- 
ing years. There was a great increase in the use of structural steel, 
and reinforced-concrete construction was introduced. Building work 
required the services of the engineer as well as those of the architect. 
On March 30, 1903, an Architectural Department was added to the 
firm’s activities; and the business was incorporated under the name 
of Field, Hinchman, and Smith. 

In an old city like Detroit, many of the downtown office and com- 
mercial buildings occupied the best sites, and were hopelessly inade- 
quate for the requirements. Obviously, they would soon have to 
come down, and be replaced by modern structures. New factories, 
embodying up-to-date manufacturing methods of production, were 
constantly going up. In planning the construction and equipment 
of such buildings, the harmonious and cooperative work of engineers 
and architects was necessary. 

At the end of 1906, Mr. Field left the organization; and the present 
name—Smith, Hinchman and Grylls, Inc.—was adopted early in 1907. 

The following are some of the important pieces of work planned 
and carried to completion under Mr. Hinchman’s supervision: Buhl 
Building (26 stories); Union Guardian Building (34 stories); Penob- 
scot Building (44 stories); J. L. Hudson Co. Department Store; 
Crowley Milner Co. Department Store; Second National Bank of 
Saginaw, Mich.; the University Club (Detroit); the Detroit Country 
Club; Dodge Brothers Automobile Plant; Hiram Walker & Com- 
pany’s great distillery recently completed in Peoria, Ill.; the Mis- 
tersky power plant and transmission system for the Public Lighting 
Commission of Detroit; the high-pressure fire protection system of 
Detroit; the Fairview sewage pumping plant for Detroit; and the 
power plant, the Chemistry Building, substation, power house, East 
Engineering Building, Yost Field House, Intramural Building, and 
Graduate School, of the University of Michigan. 

In 1905, Mayor George P. Codd recognized the ability of Theodore 
Hinchman, and the need the City of Detroit had for his services, by 
appointing him a member of the Public Lighting Commission. He 
was also a member of the Michigan State Planning Commission, re- 
ceiving his appointment from Governor Fitzgerald, in January, 1935. 
At the time of his death, he was president of the Village of Grosse 
Pointe Farms, where he had his home. 

Soon after starting in business in 1894, Mr. Hinchman assisted in 
organizing the Detroit Engineering Society. For several years he 
served as secretary of this society, holding this office until it had be- 
come firmly established as a factor in the Detroit community. Later, 
he became, successively, vice-president and president of the society. 
His affiliations also included membership in the Detroit Board of 
Commerce, of which he was at one time a director, the Detroit 
Country Club, the University Club, and the Detroit Club, of which 
a few years ago, he was president. 

Coming from an old Presbyterian family, Mr. Hinchman was always 
a member and consistent worker in that church and, at the time of 
death, he was president of the Board of Trustees of the Grosse Pointe 
Memorial Presbyterian Church. 

Theodore Hinchman is survived by Mrs. Hinchman and their three 
sons, Theodore Henry Hinchman, Jr., David Ballentine Hinch- 
man, and John Marshall Hinchman, II. The second son, David, is 
married and has two children, one of whom bears the name of Theo- 
dore Henry Hinchman. He was a loving and much-loved husband 
and father. 


In writing this memoir, the attempt has been made very briefly to a 


sketch the career of one who represented the highest type of America 
citizen. He was fortunate in having back of him an ancestry that 
stood for the best things in life—integrity, reliability, and honor. He 
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was endowed with an exceptionally bright and logical mind, and the ‘ 
capacity for unflagging industry, so that year by year he became more — 


useful and more efficient. His education only began in his school and 


college days. 


Mr. Hinchman had a cheerful, friendly disposition that inspired i 


all with whom he came in contact, feelings of confidence, trust, and | 


It ended only with his death, which occurred at his d 
home in Grosse Pointe Farms, a suburb of Detroit, on July 16, 1936 


th 


loyalty. He began his professional career at the ‘‘bottom of the j 


ladder,”’ relying for success on his own ability and industry. By con- 
sistent hard work, he progressed until he built up one of the finest 


engineering and architectural organizations in the United States 
When his services were needed by his friends, his church, his city, | 


his state, or his country, they were freely given; he never shirked bis | 


responsibilities. It is an honor to have been his friend. 


Mr. Hinchman became a junior member of the A.S.M.E. in 1895 | 
He was also a member of the Amer | 


and a member ten years later. 
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can Society of Civil Engineers.—([From a memoir prepared by W1L- 
LIAM R. Kates, Detroit, Mich., for the Transactions of the American 
Society of Civil Engineers. ] 


DAVID EDGAR HUNTER (1861-1935) 


David Edgar Hunter, chief mechanical engineer of the Shaw- 
Walker Company, Muskegon, Mich., died on November 15, 1935. 
He was born at Alberton, P.E.I., Canada, on October 26, 1861, 
son of David and Flora (Arbuckle) Hunter. During his attendance 
at the local grammar school, from which he was graduated in 1878, 
his spare time was spent in his father’s shop doing manual training 
work. From 1878 to 1880, he continued his manual training in forg- 
ing, machine-shop practice, and woodworking and was in charge of 
a small steam plant for approximately one year. 

In 1880, Mr. Hunter emigrated to the United States and, for the 
next six years, worked for various builders in Beverly and Salem, 
Mass. During this time, he engaged in special studies on building 
construction and architecture. From 1886 to 1888, he was interested 
in the bicycle business at Salem. The next two years, Mr. Hunter 
worked for a manufacturer of interior trim and cabinet work at 
Boston, Mass., and was shop foreman when the Library Bureau ac- 
quired the business in 1890. He was appointed shop superintendent 
by the Library Bureau in 1891 and, during the four years that he 
held this position, studied machine design and architecture. Pro- 
motion to mechanical expert in 1895 brought new duties in connec- 
tion with the design of new products, development of machines for 
their manufacture, and factory development and organization. His 
work from that time until 1911 was of a special creative character 
and included the design and construction of automatic machines for 
the production of index cards and similar filing devices, invention of 
the vertical file unit, development of steel furniture for offices and 
steel equipment for libraries and public buildings, and the design, con- 
struction, and installation of book stacks in the New York and St. 
Louis Public Libraries. 

In 1911 and 1912, Mr. Hunter was employed by McKim, Mead 
& White, New York, N.Y., and had charge of the construction of 
the metal interior trim and furniture that was installed in the new 
Municipal Building of the City of New York which was constructed 
under their supervision. Upon the completion of this contract, he 
was engaged in reorganization work for the Empire Cream Separator 
Company, Bloomfield, N.J., in 1912 and 1913. Mr. Hunter was 
then employed by the Shaw-Walker Company as a specialist in steel 
furniture construction and, in collaboration with L. C. Walker, 
president of the company, organized and developed a steel furniture 
department. He continued with this organization as designing engi- 
neer and chief mechanical engineer and was actively engaged in these 
duties until two days before his death on November 15, 1935. In 
addition to his work as an engineer, which involved the creation of 
numerous new ideas in steel furniture construction, Mr. Hunter was 
a member of the board of directors for the last 15 years of his life. 

Mr. Hunter was a prolific inventor, and several hundred patents 
were issued to him. One of these was for an improvement in combina- 
tion press dies and was issued about 1880; another for a spring bicycle 
fork was issued several years later and was sold to the Pope Manu- 
facturing Company, Hartford, Conn., who used it on safety bicycles 
until the introduction of pneumatic tires in 1891; others covered the 
vertical file unit now so generally used in business establishments, 
automatic machines for large-scale production of index cards, library 
book stacks, office furniture, and improvements thereon. He was 
generally recognized as the foremost authority on steel furniture con- 
struction in the United States and received a medal at the San 
Francisco Exposition in 1915 for meritorious work in the office- 
equipment field. 

On November 26, 1887, Mr. Hunter married Mary C. Shields, who 
survived her husband by slightly less than a year and died on October 
21, 1936. A daughter, Mrs. Fred Innes Brown, of East Greenwich, 
R.1., survives them. Mr. Hunter was primarily interested in his 
home and was a great student and reader. 

Mr. Hunter was elected a member of the A.S.M.E. in 1916. 


CLIFFORD MACKAY HUSTED (1886-1936) 


Clifford Mackay Husted, who died at his home in Worcester, Mass., 
on September 29, 1936, was not only a skilled exponent of his pro- 
fession, but had also the qualifications of an able organizer and ad- 
ministrator. He could plan and he could complete a project, taking 
care of all the multitudinous details that inevitably encumbered 
Progress from the beginning to the end. He gave distinguished service 
during the World War at a most difficult post of duty. Not many 
months before his death he had been called upon to administer the 


activities occasioned by one of the most disastrous floods in the history 
of Massachusetts. 
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Major Husted was born in Buffalo, N.Y., on October 7, 1886, son 
of Edwin Merton and Flora (Mackay) Husted. He attended the 
Buffalo schools and the Cornell University School of Engineering, 
from which he was graduated with an M.E. degree in 1909. During 
the next five years he worked with his father as plant superintendent 
of the Husted Milling Company, Buffalo. He supervised the layout 
and construction of mill additions and the installation of machinery, 
and directed the changing of the entire plant from steam to electric 
drive. In 1914, when the milling business was discontinued and the 
company turned to elevator work, Mr. Husted entered the employ of 
the Standard Oil Company at its Eagle Works in Jersey City. He 
was soon assistant superintendent of the works and continued in 
much the same sort of duties as he had performed at Buffalo. 

When the United States entered the World War in 1917, he volun- 
teered his services and was assigned to the 104th Engineers, 29th 
Division, with the rank of captain. In 1918 he was advanced to 
major in the Engineers Corps, and later in the year was transferred 
to the Quartermasters Corps, and served at Sea Girt, N.J., and at 
Norfolk and Newport News, in Virginia. Particularly important was 
his assignment at the Port of Embarkation at Newport News. Here 
he handled the supplies, routing, and preembarkment training of 
thousands who sailed for France through Hampton Roads. He 
served from August, 1917, to December, 1918, subsequently becoming 
major in the Ordnance Reserve Corps. 

Following his war service, Major Husted returned to the employ 
of the Standard Oil Company, becoming manager of the Refining 
Department of the Humble Oil & Refining Co., at Houston, Tex. 
He built the Baytown Refinery, at a cost of approximately $20,000,- 
000, and operated it and several additional refineries and gas plants 
in Texas and Oklahoma in the years 1919-1921. The Standard Oil 
Company then sent him abroad to inspect its European plants from 
an operating point of view. Upon his return he was made general 
superintendent of the Eagle Works, where he remained until 1926. 

During the next few years Major Husted was located in New 
York, N.Y., part of the time as president of the Combustion Service 
Company and later with the firm of Pask and Walbridge. Since going 
to Worcester he had served as president of the Boston Pressed Metal 
Company and vice-president of the E. D. Ward Company, builders 
and contractors. 

In the fall of 1934, Major Husted was appointed by Joseph P. 
Carney, Massachusetts administrator of the then ERA, to go to 
Texas to study slaughtering and canning in connection with a project 
to ship into Massachusetts thirty to forty thousand cattle, menaced 
by adrought. The plan was to fatten the animals in pastures there, 
slaughter them, can the meat, and distribute it to the needy. Only a 
few hundred cattle reached New England pastures, however, before 
the ERA was supplanted by the WPA and the project was dropped. 
He was also connected with the Federal Housing Administration. 

The organization and administration work in the Red Cross Society 
by Major Husted was especially notable. During his seven years’ 
residence in Worcester he had become a recognized leader in many 
phases of the society’s activities. Not long before his death he had 
sponsored the introduction and multiplication of first-aid stations 
along the highways, and had been chosen vice-chairman of the High- 
way First Aid, for the Worcester Chapter. As a staff assistant he 
was in the midst of a lecture series on first aid when death ended 
his work. 

He came prominently into the foreground of Massachusetts af- 
fairs in the spring of 1936, when floods assumed disaster proportions. 
Realizing before others the necessity for immediate action, he prof- 
fered his services and engineering experience to Dr. E. L. Hunt, then 
Worcester chairman of the Red Cross. Major Husted was made 
superintendent of the quickly organized warehouse and disbursing 
system, Worcester. Commanding scores of Junior League members, 
American Legionnaires and their auxiliaries, and Boy Scouts, as well 
as members of the Red Cross, Major Husted managed the receiving 
and disbursing of some one hundred tons of donated clothing, bedding, 
furniture, and food. This was hurried by donated trucks to the 
hardest hit of the Massachusetts flood area, Hadley and Springfield. 
Dr. Hunt paid high tribute to Major Husted, to his engineering and 
administrative experience, and to the efficient operation of his system 
during the flood and in the highway first-aid stations. 

Major Husted became a junior member of the A.S.M.E. in 1910 
and an associate-member six years later. He was automaticallly 
transferred to the grade of member in 1935. He was a member of 
the Worcester Post No. 5, American Legion, the Military Order of 
the World War, the Officers Reserve Training Association, and the 
Army Ordnance Association. Fraternally he was affiliated with Sigma 
Alpha Epsilon. 

In 1922 Major Husted married Arleen Hackett and he is survived 
by her and by their son, Chester C. Husted, of Waterbury, Conn., 
and also by his mother and a brother, Paul H. Husted, of Buffalo.— 
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[Based in part on a biography compiled by The American Historical 
Society for the ‘Encyclopedia of American Biography.”’] 


WALTER WELDON JACKSON (1870-1935) 


Walter Weldon Jackson was born in East Orange, N.J., on January 
4, 1870, a son of Francis Whiting and Adeline (Egbert) Jackson. He 
received a degree in mechanical engineering from Stevens Institute 
of Technology in 1889 and after a short period of employment with 
the Safety Car Heating & Lighting Company, in New York, went 
to Providence, R.I., to work as draftsman for the Builders Iron 
Foundry. From the drafting room he went to the machine shop and 
later was put in charge of the venturi meter department. 

At the Builders Iron Foundry Mr. Jackson was associated with 
Frederick N. Connet,! a classmate at Stevens, who had gone to 
Providence immediately following his graduation. They collaborated 
in the invention of the first registering device for use with Herschel’s 
venturi tube. It was completed in 1892 and a 36-in. tube with the 
new register was exhibited at the Chicago World’s Fair in 1893, 
measuring all water supplied by the city. The invention brought 
the award of the John Scott Medal to Connet and Jackson in 1898. 

Mr. Jackson left the Builders Iron Foundry in May, 1899, to 
join the Providence Engineering Works as assistant superindendent, 
but resigned in March of the following year to accept the position of 
superintendent of the Wheeler Condenser & Engineering Co., in 
Carteret, N.J. 

Early in 1904 Mr. Jackson took up consulting work. He was called 
to Columbus, Ohio, in connection with the design of water works 
there and remained to direct the construction of a storage dam, 
filtration plant, and sewage plant, and to supervise the water works 
system for about eight years. After his return East, he was for some 
years connected with the Regina Company, Rahway, N.J., as chief 
draftsman and superintendent, and carried on extensive consulting 
practice in the design and construction of municipal water works and 
sewage disposal plants. In 1899 he had patented a controller for 
filters, designed to maintain a uniform rate of discharge from a filter 
unit under varying conditions of the bed, and this was followed by 
other chemical feed regulators and filter controllers which greatly 
increased the scientific operation and economy of water works plants. 
For some years prior to his death he was engaged in the manufacture 
of tools and small parts of machinery. 

Mr. Jackson became a member of the A.S.M.E. in 1902 and also 
belonged to the Chi Psi fraternity. He married Ellen W. Halton in 
1894 and is survived by her and their daughter, Frances Halton Jack- 
son, as well as by four sisters and a brother. His death occurred on 
January 1, 1935, at his home in Rahway. 


WILLIAM BENJAMIN JACKSON (1870-1937) 


This distinguished member of a distinguished family of engineers, 
third son of Prof. Josiah Jackson and Mary Detwiller (Price) Jackson, 
was born in Kennett Square, Pa., June 23, 1870. His father was 
professor of mathematics in The Pennsylvania State College, where 
Jackson received his preparatory and collegiate education, graduating 
in 1890, with the degree of Bachelor of Science, in the mechanical 
engineering course. Five years later he was awarded the degree of 
Mechanical Engineer for his accomplishments in practical experience. 

Although educated as an engineer, his first employment was in the 
El Paso National Bank at Colorado Springs, where he remained for 
three years before returning to the engineering field, in which his 
work thereafter was almost wholly in affairs relating to electrical 
machinery and electrical power. 

A rolling stone gathers no moss, but by rolling it gathers experience 
than which nothing is of greater value to a young engineer, and so it 
proved in the case of young Jackson. He resigned his position with 
the Colorado Springs Bank in 1893, to take charge of the Pennsylvania 
mining exhibit in the Chicago World's Fair Exposition. During the 
eight years following the close of the Exposition he held important 
engineering and supervisory positions at home and abroad with eight 
different manufacturing and power companies, and then with this 
wealth of experience joined with his brother in the formation of the 
firm of D. C. and Wm. B. Jackson, consulting engineers. 

At first the office of the Jackson firm was located in Madison, Wis., 
but in 1907, better to handle the firm’s growing business, the office 
was moved to Chicago. Wm. B. Jackson was placed in charge of the 
Chicago office and he made his home in that city until the dissolution 
of the firm in 1918. During this interval Mr. Jackson interested him- 
self in the affairs of the Western Society of Engineers and served as its 
president during the year 1915. At the annual meeting of the society 


1 Deceased, June 18, 1935. Memorial published in A.S.M.E. 
Society Records, August, 1936, page 48. 
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in January, 1916, Past-President John W. Alford tendered the society 
a fund for the establishment of an ‘‘Honor Award”’ and suggested the 
appointment of a committee to draft and submit a recommendation 
for its administration. With Mr. Jackson as chairman, the committee 
drafted a report recommending the name ‘‘Washington Award’’ and 
a set of rules to govern its administration. This report was adopted 
by the Board of Directors and became the rules under which the 
Washington Award has functioned. 

Mr. Jackson devoted much time and study to the committee’s re- 
port, and thereafter to the work of the Washington Award Com- 
mission, on which he served for several years, representing at first 
the Western Society of Engineers and later the American Institute of 
Electrical Engineers. 

In 1918, the two Jacksons and a third brother entered the U.S. 
military service, necessitating the liquidation of the affairs of the 
D. C. and Wm. B. Jackson firm and the abandonment for a time of 
the valuable clientele which had been built up throughout the United 
States and Canada. 

With the rank of major, Jackson’s war service was rendered at 
Camp Merritt, N.J., in operating the utilities of that important point 
for troop assembly. At the close of the war he was discharged with 
the rank of lieutenant-colonel, Reserve Corps, U.S.A. 

Grounded as he was in the theory and practice of his engineering 
line, Mr. Jackson also had the true engineering instinct for solving 
engineering problems not explained in textbooks. 

Following are two examples: 

In those early days, when the reciprocating engine was the standard 
prime mover, it was possible to count the rpm of such a loaded engine 
by noting the dip of the lights which occurred at the end of each stroke 
of the low-pressure piston, an annoyance bad enough in itself, but 
which became a serious matter when those internal-speed variations 
made it impossible to parallel the generating units of a station, thus 
rendering it necessary to load each unit with a separate group of 
transmission lines. 

In 1897, when Jackson was appointed chief engineer and general 
superintendent of the Staten Island electric power property, he came 
into command of a power-generating plant with a number of recipro- 
cating engine-generating units of different types and characteristics 
in both engine and generator, and because of this diversity it had been 
found (or deemed) impracticable to parallel the units for electrical 
output. Through patient tinkering and adjusting of governors, fly- 
wheels and electrical connections, these individualistic polyphase 
units were persuaded to forget their differences and work in harmony 
on a common bus, with considerable improvement in economy and 
in the quality of service rendered. This was said to have been the 
first instance where, under similar conditions, that result had been 
attained. 

Again, when in 1899, Mr. Jackson went with the Colorado Elec- 
tric Power Company as chief engineer and general superintendent, 
he found that company furnishing power of polyphase characteristics 
over a single circuit threading through the mountains from the hydro 
station to the new and booming gold-mining center at Cripple Creek. 
As power and light were absolutely essential to carry on those activi- 
ties, that power was as the breath of life to those customers, who com- 
plained bitterly because of frequent service interruptions. 

The new superintendent readily ascertained that the service in- 
terruptions were due to the failure of defective insulators, but to re- 
place them with the line alive at several tens of thousands of volts 
was a difficult problem. He, however, devised an original method 
which made it possible to change the insulators without interrupting 
service, which method became quite generally used thereafter. 

As Mr. Jackson's favorite recreations had been in out-of-door sports 
and in the solitude of wild country, he longed for the calm of pastoral 
surroundings after years of stress in engineering and military life, 
which longing he sought to satisfy on a small farm near Cheshire, 
Mass. This diversion satisfied him for a short time only. After a 
year or two he placed a man in charge of his farm and went back to 
the bustle of engineering, this time with the New York Edison 
Company as statistician and rate engineer—right-hand man in such 
matters to John W. Lieb, vice-president and general manager. 

This work developed into an important department, which Jack- 
son directed until his steadily mounting blood pressure imposed on 
him a less strenuous life. He went back to his Cheshire farm to live, 
but continued in an advisory capacity for his company until shortly 
before his death, on January 21, 1937, which resulted from heart 
failure precipitated by a slight attack of pneumonia. 

William B. Jackson was the youngest of four children, the oldest 
being Mrs. Louis E. Reber; the others Col. John Price Jackson, 
Col. Dugald C. Jackson, and Lieut-Col. William Benjamin Jackson, 
all of whom are mentioned in Who’s Who in America, and all of whom 
except William are still living. Mr. Jackson was married to Isabel 
Morris West, of Pittsfield, Mass., September 3, 1903, who survives 
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him, as do his four children, Josiah Kennett, John West, Isabel Mor- 
rison, and Mary Price. 

Mr. Jackson, in his activities in the general affairs of the engineering 
profession, contributed articles to the engineering press and read 
papers before engineering societies, some of which are preserved in 
the Journal of the Western Society of Engineers. He was active in 
many engineering societies, having been president of the Western 
Society of Engineers, vice-president and manager of American Insti- 
tute of Electrical Engineers; vice-president (1915-1917) and manager 
(1912-1915) of The American Society of Mechanical Engineers, which 
he joined in 1901; member, American Society of Civil Engineers, 
National Electric Light Association, and other American and British 
societies. He was member of various patriotic societies, including 
the American Legion and the Reserve Officers Association. 

Lieut-Col. Jackson's death, stricken as he was while in his mental 
prime, removes from the stage a gentleman and an outstanding engi- 
neer, whose friends throughout the land are counted by legion.— 
(Memorial prepared for Journal of the Western Society of Engineers 
by Bion J. ARNOLD, Mem. A.S.M.E., ALBERT REICHMANN, and Wo. 
L. Ansotr, Mem. A.S.M.E., Chicago, IIl.] 


OSCAR FREDRIK JUNGGREN (1865-1935) 


The following tribute to Oscar Junggren, published in the General 
Electric Review, November, 1935, was prepared by Ernest L. Robinson 
(Mem. A.S.M.E.), of the Turbine Engineering Department of the 
General Electric Company, Schenectady, N.Y. 

“Oscar Fredrik Junggren, designer of more than half the world’s 
largest steam turbines, was born in Landskrona, Sweden, on January 
10, 1865, and died in Schenectady on September 24, 1935. His 
father had intended him to be trained in an agricultural school but 
died when Oscar was young. An uncle decided that he should study 
at the Institute of Technology in Malmé, from which he was gradu- 
ated with honors in 1885. His career proved the wisdom of his 
uncle’s choice. Junggren said that he himself had no strong senti- 
ment in the matter at that time. 

“He kept his Swedish heritage throughout his life. His character 
retained many of the best traits of that hospitable, progressive people 
from whom have come so many mechanical geniuses of first rank. 
He was extremely frank but tactful, a kindly and warm friend, but 
reserved in society that did not interest him. Few faces could ex- 
press so much of sentiment or thought. 

‘*His courage was always that of an enthusiast. He would never 
go against evidence but he always sought that evidence which would 
justify what he wanted todo. His was the simple faith that anything 
one really wishes hard enough to do will really work—that the im- 
portant thing is the will to achieve. 

‘‘Never much of a reader, he was a student of things rather than 
books. Pictures always attracted him. Technical magazines and 
publications were of interest to him in proportion as they were illus- 
trated. There were always about his desk bits of metal fashioned 
into ingenious shapes. 

“If Junggren had any real recreation it was probably driving his 
automobile. But many of his associates doubted whether he had 
any real recreation other than building bigger and ever bigger steam 
turbines. 

“He was never satisfied with the achievements of last year. Al- 
ways he planned for higher pressures, for higher temperatures, and 
for larger machines, continually reaching out in every direction that 
promised more efficient power generation. Rarely did he seek any- 
thing ‘cheaper.’ His intuition was in close touch with the rapid 
growth of public utilites, and he truly judged that the industry was 
keen to accept and pay for every improvement which promised more 
power or required less fuel. 

“To the man in the street, most modern miracles may be completely 
explained by the simple remark: ‘It is done by electricity.’ But 
to the technical man the generation of electric power in large quan- 
tities is a different story—a struggle to cope with ever greater forces 
and difficulties of design, manufacture, and operation in the effort 
to keep the power networks able to supply the growing demands. 

“Approximately two-thirds of the power in the United States is 
generated by steam. Government records show little change in 
total coal consumption for the generation of electricity during the 
past fifteen years in spite of the fact that electric power from fuel has 
more than doubled. Thus in 1920, 41 million tons of coal produced 
27 billion kilowatt-hours while, in 1934, 41 million tons produced 57 
billion kilowatt-hours, more than twice as much. 

“The American Public is familiar with the growth of the utility 
business since the war but is not well acquainted with the engineering 
effort that enabled this increased power output to be developed with- 
out an increase in the rate of expenditure of our fuel resources. In 
the latter accomplishment, Junggren’s influence was potent. 
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“Oscar Junggren was a leader among his associates. Forty years 
ago as an athletic young man he won the great cross-country ‘road 
race’ to Burnt Hills and back by pedalling his bicycle up the Rexford 
Hill where others walked. No team work was required to win such 
a victory but to lead in the field of power generation required genius 
of a higher order. Nobody appreciated better than Junggren the ex- 
tent of technical knowledge required for turbine design, the necessity 
for cooperative effort and specialization, and his indebtedness to 
associates. Asked for advice on plans for a machine closely allied to 
a turbine in design, he would only shake his head and say: ‘Not in 
my line.’ 

‘*Modest in public, he was not given to writing for publication but 
his letters reflected sound judgment. One who knew him for many 
years wrote: ‘Junggren expressed his ideas in steel and steam rather 
than in ink and paper.’ Many of those best qualified to know agree 
that to him more than to any other single man is due the credit for 
the great advances in the power industry during the past twenty 
years. 

“Central-station engineers who came in contact with him as the 
designer of their most important piece of apparatus knew him as ut- 
terly candid in the expression of his opinion as to the ultimate truth, 
fearless alike of the immediate consequence to his own organization 
or to that of the operator. Many years experience had taught them 
that his estimate of ultimate practicability was rarely to be doubted. 
His judgment as between a minor annoyance and a fundamental 
limitation of possibilities had to be accepted. 

‘‘In the search for more efficient details of design, Junggren was an 
active and successful leader. He was always an inventor. His 
patents relating to turbine design, from 1903 and extending through- 
out his career, numbered 130 and many of them are of basic impor- 
tance to the art. Junggren had a magic touch that converted his 
ideas into reality. His interest was magnetic and permeated his asso- 
ciates. He not only had the ability to conceive but the will and the 
power to accomplish. 

“From 1885 to 1889 Junggren was engaged as a draftsman and 
engineer on steam engines, both for land and marine service, in 
Christianstad, Sweden. In 1889 he came to the United States and 
obtained a position with the Edison Electric Company in its office on 
Wall Street, New York, as a draftsman on maps for the distribution 
of light in that city, later designing and drafting direct-connected 
compound- and triple-expansion steam engines. Because of this 
early connection he was one of the Associate Edison Pioneers. 

‘In 1890 and 1891 he worked for the Watts-Campbell Company 
at Newark (N.J.) as a draftsman on Corliss steam engines, and for 
the Featherstone & Sons Company, Chicago, as a draftsman and engi- 
neer on Corliss engines and ice machines. 

‘In October, 1891, Junggren came to Schenectady and was en- 
gaged by the Edison General Electric Company, predecessor of the 
General Electric Company, as engineer and draftsman on high-speed 
steam engines for direct connection to generators. He was connected 
with this work for approximately ten years, during the latter part of 
which he was engineer in charge. 

‘‘When the Curtis steam turbine was actively taken up about 1901 
he was made designing engineer on steam turbines and did the de- 
signing work on the first large turbine put out in 1903. Later, Jung- 
gren was made engineer in charge of the large turbine development of 
the General Electric Company at a time when the utility industry 
was entering the period of extremely rapid expansion which continued 
until after the war. He remained in this capacity until 1922, when 
he was made consulting engineer in order that his outstanding ability 
might be devoted entirely to design problems. Many of his greatest 
achievements were made during the next decade and throughout this 
period he continued to carry a large share of the responsibility for 
turbine design. For twenty-five years he was a member of The 
American Society of Mechanical Engineers. 

‘“‘Under Junggren’s inspiration and direction the Curtis turbine was 
very early converted from a vertical-shaft to a horizontal-shaft ma- 
chine and the rapid development in capacity and efficiency which 
has taken place since this change has demonstrated that this decision 
was one of vital importance. 

“As early as 1916, turbines with conical-shaped steam path and 
single wheels of increasing pitch diameter were manufactured by the 
General Electric Company at Junggren’s instigation. The subse- 
quent success of this design and its general adoption by other builders 
show that it is a necessary feature for high efficiency. 

“In contrast to the cautious experiments in Europe, Junggren’s 
confidence of success led American utilities as early as 1923 to pro- 
ceed on a large commercial basis with the adoption of higher steam 
pressures and the resuperheating cycle. His organization designed 
the first 600-lb resuperheating turbines in this country and the 60,000- 
kw machine built in 1924 for that cycle was the largest turbine manu- 
factured up to that time. These units were outstandingly success- 
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ful, both cycle and mechanical efficiencies having been improved. 
By 1930 turbines aggregating 1,400,000 kw had been built under 
Junggren’s direction for 600-lb steam pressure, three-quarters of the 
capacity in this country at that pressure. 

“‘No sooner were the 600-lb turbines in successful operation than 
Junggren undertook the design of two 1200-lb machines for installa- 
tion at Boston and Milwaukee. In the face of warnings that theo- 
retical advantages might be lost by excessive leakages, Junggren de- 
liberately set out to make the high-pressure section of the turbine 
even more efficient than its low-pressure stages. This he accom- 
plished. And these first two installations in 1925 and 1926 were com- 
mercially successful from the start. By 1931, 765,000 kw in turbine 
capacity, designed under Junggren’s supervision, was operating in 
this country at 1200-lb steam pressure. This was 90 per cent of the 
total capacity operating at these pressures in this country and 80 
per cent of that operating in the world. 

‘The most outstanding development in the turbine field has been 
the tremendous growth in the capacity of individual turbine units. 
In this Junggren was a leader from the beginning. There are 
throughout the world only a hundred turbines of 50,000-kw capacity 
and larger and of these more than half were built in the Schenectady 
Works of the General Electric Company under the direct supervision 
of Oscar Junggren. The others were designed and constructed by 
effort scattered among eleven other builders throughout Europe and 
America. 

‘To keep on year after yur extending the design of such large and 
costly machines beyond the fringes of available experience has re- 
quired true vision, leadership, and courage of the highest order.” 


In his ‘‘The Autobiography of an Engineer,’’ published in 1931, 
Wiuuiam Le Roy Emmet (Mem. A.S.M.E.), long consulting engineer 
for the General Electric Company, in his chapter on the development 
of the steam turbine, wrote as follows of Mr. Junggren: 

‘*My first activity was to get a design made for a 500-kw unit with 
turbine and generator. Oscar Junggren had been designing the 
small engines which we were then building and I knew him and appre- 
ciated the fact that he was a strong man with much mechanical skill 
and ingenuity. He had not thought much of the turbine venture, but 
I got him on the job and he soon became interested. Itis hard for me 
to assign correctly the credit which is due to Junggren in connection 
with our turbine development. He has continued to direct our tur- 
bine work for years after I gave it up for other activities and has made 
for himself a national reputation. He was then, and is today, in 
some respects a more experienced and skillful mechanical designer than 
I am but he is less of an innovator and much less of an experimenter. 
I supplied the faith and initiative and dug out all the experimental 
knowledge upon which our work was based. In our early work for 
which I felt sole responsibility my ideas were closely followed but it 
is possible that I might have done better if I had given Junggren more 
of hisown way. He isa man of very strong will and I had many long 
contests with him. Once after about three years’ work he was of- 
fered a very attractive position elsewhere. I had told Mr. Rice! that 
I was spending too much of my time contending with him and I could 
get along better without him. He asked me what he should do about 
letting him go, and I told him to pay his price and hold him, an action 
which I have always been glad of. He helped me greatly and I 
learned much from him and I think that he would say the same of 


me. 


A further tribute to Mr. Junggren comes from R. C. Murr (Mem. 
A.S.M.E.), now vice-president in charge of engineering at the General 
Electric Company, Schenectady. 

“I first became acquainted with Oscar Junggren in the year 1906 
when he was designing engineer of the turbine department of the 
General Electric Company and I was a student engineer in the tur- 
bine test department. 

‘‘Normally a test man could not presume to become acquainted 
with the designing engineer carrying large responsibilities in a large 
department, but not so with Mr. Junggren. He made every test 
man feel he was an associate and I soon acquired a respect for him 
and then a friendship which grew warmer and more intimate during 
the following 30 years. 

‘Later I had the good fortune of working under his direction on 
turbine design and, although I did not fully appreciate them at the time, 
I have long since come to realize many of his unusual qualifications. 
As I look back upon his work in the earlier days of turbine develop- 
ment, I feel that he had an intuition or sense of proportions greater 
than any other engineer with whom I have ever been in contact. I 
have on many occasions seen him review a newly made layout of a 
turbine and then draw in, free hand, the contours of the shaft, wheels, 
diaphragms, and casings which his sense of proportions told him 

1E. W. Rice, then vice-president of the company, in charge of 
manufacturing and engineering. 
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should be correct, and invariably the calculations would indicate he 
was about right. He had great respect for calculations and the 
technical aspects of design, and he always backed up his designs by 
complete calculations and tests, but his power to visualize the com- 
plete unit was remarkable. 

‘‘He was a delightful man to work under, very liberal with his 
time and very tolerant of your views. One soon learned to under- 
stand his ‘um’s’ and ‘ah’s,’ his ‘um’ meaning that you had brought 
to light something which he was actively thinking about, and his 
‘ah’ meaning that he was on the way toward or had arrived at a correct 
solution. Although in the profession he ranks highest as a mechani- 
cal engineer or a designing engineer in the broadest sense of the word, 
his associates, and particularly the young men working under his 
direction, will remember his lovable character and the kindly interest 
he took in their development.” 


A summary of the qualities which have been brought out in these 
tributes is offered by Gro. A. Orrok (Mem. A.S.M.E.), consulting 
engineer, Orrok, Myers & Shoudy, New York. 

“Oscar F. Junggren will always represent to me the man who dared 
to consider the clashing systems of turbine design, picking out from 
each the points he considered of primary importance and combining 
them into a new system which had possibilities of economy in con- 
struction, economy in the use of heat, rigidity combined with flexi- 
bility, and a promise of expansion to the largest sizes without ex- 
aggeration in mechanical design. I knew him as an engine designer, 
as a designer of vertical turbines and as the blender in one machine 
of many different schools of turbine design to secure an operating 
machine combining the good points of flexibility, economy, good 
operation, and successful performance. He made friends easily and 
kept them. His own generation loved him. The younger generation 
looked up to him as an inspired leader. While his opportunities were 
large, his attainments were equal to the problem and his work wil! 
live after him.” 


WILLIAM KIELBLOCK (1897-1936) 


William Kielblock was born at Neumiinster, Germany, on Decem- 
ber 31, 1897, a son of Wilhelm and Louise (Schlee) Kielblock. He 
had been in the United States for a number of years, and attained his 
citizenship in 1932, but returned to Germany for medical treatment 
in the fall of 1935 and died in his native city on August 25, 1936. 

Mr. Kielblock spent a three-year apprenticeship as machinist and 
toolmaker with the Deutsche Reichs Eisenbahn and served from 
1916 to 1919 in the German army, first as assistant to master of arms 
and, during the latter part of the time, as master of arms. He then 
reentered railroad service, working as toolmaker, electrician, and 
draftsman, and from 1923 to 1925 instructing third-year apprentices 
in the operation and repair of various types of air and feedwater 
pumps. 

His first position in this country was with Gombar and Rotter, 
New York, where he spent something over a year in 1925-1926 in the 
repair and rebuilding of paper-box machinery. Then after a few 
months at the United Scientific Laboratories, New York, in connec- 
tion with dies for radio condensers, he became tool and instrument 
maker for Bernard and Heller, New York. Here he also did some 
design work and built and tested models for inventors. Leaving that 
company in the fall of 1928, he spent the remainder of the year on 
the design and construction of a new type of electric water heater, 
for the Fireless Electric Boiler Corporation. 

With the exception of a few months in 1931, Mr. Kielblock was in 
the employ of the H. Russell Brands Laboratories, New York, from 
1928 to 1933. In 1931 he was assistant foreman at the Fred Goat 
Company, Brooklyn, making silent turnstiles for subways. At the 
Brands Laboratories he was in charge of the development of auto- 
matic machinery for restaurants. 

During these years Mr. Kielblock took evening courses at Cooper 
Union, securing a B.S. degree in mechanical engineering in 1932. In 
that year he also became an associate member of the A.S.M.E.; in 
1935 he was automatically transferred to the grade of full member. 

His work after 1932 was chiefly with Walter Kidde & Co., Inc., in 
Bloomfield, N.J., for which he designed an automatic press for draw- 
ing, trimming, and necking small steel bottles, and various other 
machinery for use in the manufacture of bottles. 

He is survived by his brother, Hugo Kielblock, of Neumiinster, 
Germany. 


CHARLES W. G. KING (1862-1935) 
Charles W. G. King died at his residence in Chestnut Hill, Pa., on 


December 21, 1935, of cancer of the larynx. He was born at North- 
ampton, England, on April 5, 1862, son of Charles Dawson and 
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Sarah King. His education was obtained at a private school and the 
grammar school of his birthplace. 

From 1877 to 1883, Mr. King served as an apprentice in the loco- 
motive department of the Great Northern Railway at Peterborough, 
England, and remained as a machinist for four years after completing 
his apprenticeship. He emigrated to the United States in 1887 and 
became a naturalized citizen ten years later. He was employed by 
various companies at Philadelphia, Pa., for 48 years. He first worked 
as a machinist for approximately one year with the Barr Pumping 
Engine Company. This employment was followed by about six 
months with William Sellers & Co., as a machinist on electric cranes, 
and a similar engagement with the machine-tool firm of Bement, 
Miles & Co. 

From 1890 until his death, Mr. King was employed continuously 
by the United States Metallic Packing Company in the design and 
manufacture of supplies for locomotives and stationary and marine 
engines. He was a draftsman until 1899, when he was promoted to 
chief draftsman and had charge of the design of pneumatic hammers, 
metallic packing, and pneumatic sanders for locomotives as well as 
special drilling and grinding machines for their manufacture; in addi- 
tion, he laid out the shafting and machinery for the company’s new 
plant and supervised the installation. After two years as chief drafts- 
man, Mr. King was appointed superintendent with full charge of the 
shops and drafting room and held this position for 17 years. From 
1918 to 1920, he was president of the company and, at the time of 
his death, was consulting engineer, a position that he had held for 
practically 15 years. While with the United States Metallic Packing 
Company, he secured numerous patents covering metallic packings 
for locomotives and stationary and marine engines. 

Mr. King became a member of the A.S.M.E. in 1906. He was an 
Odd Fellow and was specially interested in boating, fishing, and 
mechanical engineering in general. Surviving him are his widow, 
Carolina (Schladensky) King, whom he married on his thirtieth 
birthday in 1892; three daughters, Kathryn S., Dorothy M., and 
Marjorie E. King, all of whom reside in Chestnut Hill, Pa.; and a 
son, Arthur H. King, of Audubon, N.J. 


FRANK LAND (1868-1935) 


Frank Land died at his home in Nyack, N.Y., on December 24, 
1935. He was born at San Francisco, Calif., on June 25, 1868, son 
of Charles and Caroline (Powers) Land. He attended private schools 
in San Francisco and high school in Syracuse, N.Y. He then entered 
Cornell University and completed the electrical engineering course 
with the degree of mechanical engineer in 1891. For a short time 
he was employed by the General Electric Company at Lynn, Mass., 
and in installation work on the Syracuse trolley system. Subse- 
quently he engaged in automobile parts manufacturing as secretary 
and treasurer of the I. A. Weston Co., in Syracuse. 

From 1903 to 1905 Mr. Land was employed by the Westinghouse 
Electric & Manufacturing Co. at East Pittsburgh, Pa. Then the 
Land-Wharton Company was formed at Philadelphia, Pa., with Mr. 
Land as incorporator and treasurer. He participated in plans for 
extensions of the Remington Arms Company’s plants at Bridgeport, 
Conn., and Ilion, N.Y. From 1913 to 1915 he was general manager 
of the Dyneto Electric Company, Syracuse, manufacturing automo- 
tive electrical equipment. Following this he engaged in a consulting 
practice as a mechanical engineer until 1923, when he became associ- 
ated with The United Electric Light & Power Co., New York, N.Y., 
in connection with the inventory and valuation of the company’s 
property. Later, with this same company, he was engaged in special 
research work with the Technical and Engineering Department until 
his retirement from active work in 1928. He had a special aptitude 
for the graphical presentation of organizations and routines, and was 
a mechanical draftsman of the highest order. 

Mr. Land had been a member of the A.S.M.E. for 35 years and 
had belonged to the American Institute of Electrical Engineers since 
1891." He was a member of the Cornell Chapter of the Kappa 
Alpha Society. 

Married to Florence Freeman in 1895, he is survived by her and 
by a daughter, Elizabeth Land. 


WILLIAM HARRISON LARKIN, JR. (1871-1936) 


William Harrison Larkin, Jr., was born at Worcester, Mass., on 
April 15, 1871, and died at Arlington, Mass., on July 16, 1936. He 
attended the Worcester public schools and was graduated from the 
Classical High School in 1889. He received the degree of Bachelor 
of Science in 1893 and of Mechanical Engineer in 1903, both from 
Worcester Polytechnic Institute. 

From 1893 through 1901, he was draftsman, machine-shop fore- 
man, master mechanic, and mechanical engineer in the First and 
Second Lighthouse Districts, U.S. Lighthouse Establishment. In 
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that time he had charge of the equipment, maintenance, and repairs 
of 187 lighthouses from the Canadian line to Rhode Island. In 1898 
he was in charge of laying submarine cables for national defense in 
the war with Spain. He collaborated with Major William R. Liver- 
more on his ‘‘Report on Fog Signals’’ in 1894. 

In 1901 he accepted the position of chief mechanical engineer on the 
staff of Frank B. Gilbreth, who was at that time carrying on the 
business of general contractor in Boston, New York, and London. 

For several months in 1903, he was the erecting engineer for the 
concrete machinery at the Howden and Derwent dams of the Derwent 
Valley Water Project, near Sheffield, England. He was granted a 
number of patents in connection with his development of concrete 
machinery. 

When the Gilbreth contracting business was discontinued in 1907, 
he took charge of the boiler shop, foundry, and machine shop of the 
M. Rumley Co. of La Porte, Ind. From 1910 to 1912, he was execu- 
tive engineer for the C. W. Hunt Co. of New York. 

In 1908, he and his classmate, J. W. Buzzell, of Stone and Webster, 
were granted the original patent for the conveying of concrete through 
pipes by pneumatic pressure from point of mixing tothe forms. They 
organized the Pneumatic Concrete Conveyor Company of New York. 
They carried on experiments at Newark and published the results in 
an illustrated article appearing November 25, 1909, in the Engineering 
News. Their method of conveying and placing concrete became 
generally used on such tunnel jobs as the Shandakin Tunnel, Catskill 
Aqueduct, Holland Tunnels, and many others. 

In 1912, he began his long term of service with the United States 
Rubber Company. He was plant engineer at the Revere Rubber 
Company, Chelsea, Mass., until 1919; during the World War he 
built a gas mask division at the Chelsea plant. Also for various 
periods he supervised engineering projects at the Chicago, Cleveland, 
and Providence factories. In 1919 he was made power and safety 
engineer for the Mechanical Goods Division of the company, with 
headquarters at Passaic, N.J. In 1925 he was made general steam 
engineer for all plants of the company, with headquarters at New 
Haven, Conn. During the ten years beginning in 1920, monthly 
power reports from all plants were instituted, and boiler-room prac- 
tices standardized. Several new power plants were designed and 
erected, notably at Detroit, Providence, and Millville. 

In 1932, he opened an office in Arlington, Mass., as consulting engi- 
neer. In spite of the depression he was servicing more than 30 plants 
throughout New England and New York by 1936. 

He was the author of many articles in various engineering and 
technical journals, including a number on boiler feedwater, safety, 
and power published by the U.S. Rubber Co., and contributions on 
these and other subjects to Rubber Age, Factory, and Power. A paper 
on “‘The Supply of Industrial Power,’’ which he presented before the 
Annual Meeting of the A.S.M.E. in 1925, was published in Mechani- 
cal Engineering in November of that year. 

Mr. Larkin became a member of the A.S.M.E. in 1904 and had 
served as a member of the Boiler Code Subcommittee on the Care 
of Steam Boilers and Other Pressure Vessels in Service since its or- 
ganization in 1922. He had been a member of the Plant Engineer’s 
Club of Boston since its origin in 1915, was a charter member of the 
Massachusetts Delta Chapter of Sigma Alpha Epsilon, and belonged 
to the American Society of Safety Engineers and the New England 
Historic Genealogical Society. Genealogical research and cabinet 
making were two of his most absorbing interests and he was a pianist 
and organist of marked ability. 

He married at Portland, Me., in 1902, Cordelia G. Fessenden, who 
with four children, William H., 3rd, Anna C., Mary C. and John E., 
survives him.—[(Memorial prepared by H. LarRKIN, 3rD. 
Mem. A.S.M.E.] 


HENRY LOUIS LE CHATELIER (1850-1936) 


Henry Louis Le Chatelier, upon whom the A.S.M.E. conferred 
honorary membership in 1927 for his introduction of new methods of 
physicochemical analysis, now considered indispensable in all metal- 
working establishments, died on September 17, 1936. On the occasion 
of the presentation of honorary membership Professor Le Chatelier 
referred to the “‘application of common sense to industry” in America 
and expressed the wish that the principles employed so successfully 
in this country might be more universally adopted. His interest in 
scientific management is brought out by a tribute by WaLLace CLARK, 
Mem. A.S.M.E., consulting management engineer, Paris, as follows: 

“To his many American friends and admirers Henry Le Chatelier 
is best known for his translation of Taylor’s ‘Principles of Scientific 
Management’ and for numerous treatises on those principles, as well 
as for his long friendship with Taylor. 

“It was in 1904, after ten years of determined effort to secure for 
French metallurgy a Journal comparable with that of the Iron and 
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Steel Institute, that Le Chatelier succeeded in establishing the Revue 
de Métallurgie. As editor of this Revue, he was preparing a series of 
articles on high-speed steels when he was informed that Taylor had 
discovered those materials by accident. He then wrote an article 
stating that chance observations were of little value in science, unless 
they led to well-planned investigations. This brought a reply from 
Taylor who explained that his discovery of the steels was not by 
chance but the result of an intensive study of over two years. He 
enclosed a pamphlet outlining the methods which he was applying 
to industrial problems and Le Chatelier was amazed and delighted 
to find ‘examples of the application of the scientific method which 
might well serve as a model to even professional scientists.’ 

“Thus started the correspondence and friendship between these 
two men. In 1909 Le Chatelier translated and published in his Revue, 
Taylor's ‘Principles of Scientific Management’ which later appeared 
in book form and met with success which surprised its translator. 
In 1928 he published ‘Le Taylorisme,’ which was followed by Polish 
and Italian editions. These and other books and articles on Taylor 
methods and on scientific management in general pioneered the way 
for these new ideas in France, and indeed in Europe. 

“But this was only one phase of the career of this French engineer. 
In the fields of science, research, teaching, and as ingénieur conseil, his 
record of achievement marks the superman. This has been set forth 
ably by Ralph E. Oesper, of the University of Cincinnati, and pub- 
lished in the Journal of Chemical Education for March, 1931. Another 
full record appeared in January, 1937, in the Memorial Volume of the 
Revue de Métallurgie. The Le Chatelier writings and discourses listed 
therein would seem to make a full life for any man. He occupied 
chairs in the University of Paris, the Collége de France, the Sorbonne, 
the Ecole des Mines and the Ecole Polytechnique. During his 
brilliant career as a teacher he covered a wide range of subjects of 
which these are a few: 

Chimie générale (1877); 

Chimie industrielle (1896) ; 

Les phénoménes de combustion (1898) ; 

Théorie des equilibres chimiques, les Measures de températures 
élevées et les Phénoménes de dissociation (1898-1899) ; 
Propriétés des Alliages Métalliques (1899-1900) ; 

Alliages du fer (1900-1901); 

Méthodes générales de la Chimie analytique (1901-1902); 

Lois générales de la Mécanique Chimique (1903); 

La Silice et ses composés (1905-1906) ; 

Quelques applications pratiques des principes fondamentaux de 
la Chimie (1906-1907) ; 

Propriétés des Métaux et de quelques Alliages (1907). 

‘When it is considered that actual work and research was always 
the basis of his teaching and writing, one begins to get an idea of Le 
Chatelier’s prodigious intellect and energy. He made lasting con- 
tributions in metallurgy, metallography, measurement of high tem- 
peratures, microscopy, ceramics, cements, chemical mechanics, com- 
bustion of gases, fuels, and safety in mines, and was an acknowledged 
authority on steel, glass, cement, and synthetic ammonia. 

“‘In 1922 the leaders of French government, education, and industry 
came together, with representatives from other nations, at the Sor- 
bonne in Paris, to honor Henry Le Chatelier on his fiftieth anniversary 
of uninterrupted work and accomplishment in the fields of scientific 
research, professional work, teaching, and writing. To the high 
honors and eulogies bestowed upon him at that time, this great and 
modest engineer made a characteristic reply: 

***All that we are is due only in slight measure to our own labor or 
to our individual personality. We owe nearly everything to our 
antecedents—ancestors of flesh and those of the spirit. If one of us 
adds something to science, art, or morale, it is because a long line of 
other generations has lived, worked, thought, and suffered before 
us. Therefore you are honoring today the patient efforts of our 
predecessors who have created this science.’ 

In these words I believe is to be found the key to his life and work 
and to the high esteem in which he was held and will be remembered.”’ 
Further biographical data are to be found in the following obituary 
of Professor Le Chatelier which appeared in Engineering, October 16, 
1936, page 416: 

“The death of Professor Henry Louis Le Chatelier, Doc. és Sci., 
which occurred on September 17, at his country house at Miribel-les- 
Echelles, Isére, France, removes a leading figure from the ranks of 
physical chemists and metallurgists of international renown. Pro- 
fessor Le Chatelier, who was a former Inspecteur Général des Mines, 
professor at the Collége de France, Paris, and member of the Académie 
des Sciences, one of the constituent bodies of the Institut de France, 
was the eldest son of the late Mr. Louis Le Chatelier, also a former 
Inspecteur Général des Mines, and was born in Paris on October 8, 
1850. He received his education at the Collége Rollin and entered 
the Ecole Polytechnique in 1869, being the first on the list of the in- 
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coming candidates. Graduating in 1871 he passed on to the Keole 
des Mines in which he spent three years, and upon leaving, he was 
appointed on a commission organised by the French Government to 
investigate the geology of Southern Algeria. In 1877, at the early 
age of 27, he became professor of chemistry at the Ecole des Mines 
and, in 1882, was appointed assistant professor at the Ecole Poly- 
technique. In 1887 he was made professor of industrial chemistry 
and general metallurgy at the Ecole des Mines, and it was at this 
stage of his career that he published his well-known work on fuel, 
entitled ‘Le Chauffage Industriel.’ 

“In 1898, M. le Chatelier was appointed Professor of Mineral 
Chemistry at the Collége de France, which position he continued to 
occupy until some years ago, when he was made ‘‘professeur honor- 
aire."’ Few branches of physical metallurgy did not receive his at- 
tention and he did great work, more particularly, perhaps, in the 
realms of pyrometry and metallography. He was responsible for a 
number of important inventions, among which may be mentioned 
his metallurgical microscope, thermo-electric and optical pyrometers, 
and equipment for the investigation of the dilation and electrical 
resistance of metals and alloys. His name has also been given to a 
number of metallographic etching reagents which he originated. Of 
a genial and generous nature, he freely and publicly acknowledged 
the inspiration and help he had received from eminent. contemporaries, 
among whom he cited Floris Osmond, Sir W. C. Roberts-Austen, Sir 
Robert Hadfield, and Professors H. M. Howe and A. Sauveur. In 
recognition of his labours he was elected a member of the Académie 
des Sciences in 1908, thus filling a vacancy caused by the death of 
Henri Moissan. He was also Commandeur of the Legion of Honour. 

‘Professor Le Chatelier was a great teacher and was among the 
first to broaden the basis of instruction in chemistry. Instead of 
imparting numbers of isolated facts to his students, he strove to es- 
tablish the general laws underlying the science of chemistry and indi- 
cated how these laws could be applied in particular cases. In this 
connection he published several interesting works. He was also 
deeply interested in the application of science to industry and in the 
laboratory control of industrial products. Furthermore, he was re- 
sponsible for numerous investigations in the sphere of mining tech- 
nology, including the determination of the inflammability and other 
properties of mining gases, the estimation of small quantities of com- 
bustible gases and of suspended dust in colliery atmospheres. In 
May, 1921, his colleagues, numerous friends and old pupils, who had 
always found him willing to advise and assist them, decided to cele 
brate his scientific jubilee, 50 years having elapsed since his gradua- 
tion at the Ecole Polytechnique. An influential international com- 
mittee was constituted, and a fund opened, in June, 1921, and, by the 
end of the year, a sum of 170,000 frances had been received. With a 
portion of this a special gold medal, dedicated to Professor Le Cha- 
telier, was struck, which was presented to him at a gathering held in 
the chemistry amphitheatre of La Sorbonne, Paris, on January 22, 
1922. A surplus of 100,000 francs remained in the fund, and, at the 
special request of M. Le Chatelier, this was presented to the Acadé- 
mie des Sciences for the creation of a research fund for the promotion 
of the application of science to industry. The fund bears the name 
Fondation Henry Le Chatelier. 

“In 1910 Professor Le Chatelier was elected an honorary member 
of the Société des Ingénieurs Civils de France. He was also for many 
years a member of the Chemical Committee of the Société d’En- 
couragement pour l'Industrie Nationale, and in December, 1903, 
founded our esteemed contemporary the Revue de Métallurgie, the 
first number of which appeared in January, 1904. He became a mem- 
ber of the Iron and Steel Institute in 1904, was the recipient of the 
Bessemer Medal in 1911, and was elected an honorary vice-president 
of the Institute in 1924. Professor Le Chatelier was made an honor- 
ary member of the Institute of Metals in 1912, and was for nearly 
twenty years honorary corresponding member to the Council of the 
Institute for France. In 1917 he was awarded the Davy Meda! of 
the Royal Society, of which he became a Foreign Member in May, 
1913. He was also for many years honorary member of the Associa- 
tion des Ingénieurs sortis de l’Ecole de Liége (A.I.Lg.), and was the 
first recipient of the Gustave Trasenster Medal of that body in 1932 
The diplome d'ingénieur honoris causa of the University of Liége 
was conferred upon him in 1922, on the occasion of the jubilee cele- 
brations referred to above. He was elected an honorary member of 
the Institution of Mining and Metallurgy in 1916, of the American 
Institute of Mining and Metallurgical Engineers in 1905, and of The 
American Society of Mechanical Engineers in 1927.” 


ROLLIN CARROLL WELCH LEWIS (1849-1936) 


Rollin Carroll Welch Lewis, whose death occurred on March 23. 
1936, was born at Harbor Creek, Erie County, Pa., on March 25. 
1849, son of Zuriel and Rebecca (Austin) Lewis. He studied for the 
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medical profession at the Western Medical College, Cleveland, Ohio, 
at the same-time filling an apprenticeship with Thos. Isbister of that 
city, working on patterns and experimental machinery (1869-1871), 
and serving as journeyman for the U.S. Serew Co. (1872-1874). 
After his graduation, however, he turned to industry, rather than 
medicine, taking a position as master mechanic with the Davies 
Screw Company, in Dayton, Ohio. In 1878 he went to Cincinnati, 
Ohio, where for two years he was superintendent of the Wayne 
Hardware Company. 

In 1882 Mr. Lewis secured employment as a toolmaker at the 
Yale & Towne Manufacturing Co. in Stamford, Conn., and except 
for two periods he remained with that company until his retirement. 
He was superintendent of the Springer Torsion Balance Company, 
Jersey City, N.J., from 1887 to 1892, and from 1898 to 1903 was 
connected with the Clement Boyer Motor Company, France. He 

as appointed a juror at the International Exposition in Paris in 
1900 and won three medals from the French government for his 
services to the Exposition. 

From 1892 to 1898 Mr. Lewis was foreman of the toolroom for 
Yale & Towne, and after his return to the company in 1903 served 
successively as chief draftsman, assistant superintendent of the Bank 
Lock Department, and superintendent of that department. He re- 
tired from active supervision of the department in 1922, but for sev- 
eral years continued to act as its advisor. He held numerous patents 
covering tools for making combination lock tumblers and one-piece 
dial, a combination draftsman’s table and bench, time locks, and other 
devices. 

Mr. Lewis has been a member of the A.S.M.E. since 1890. He 
also belonged to the American Association for the Advancement 
of Science and the National Geographic Society, and was an Odd 
Fellow, Mason, and Knight Templar. He had received a medal 
from the Masonic Grand Lodge of Ohio for fifty years of service to 
the fraternity. 

Surviving Mr. Lewis are his widow, Elizabeth 8S. (Wynkoop) Lewis, 
whom he married in 1901, and their son, Rollin Carroll Wynkoop 
Lewis. 


RICHARD PAUL LITHGOW (1889-1934) 


Richard Paul Lithgow, mechanical engineer for Ford, Bacon & 
Davis, Inc., died suddenly on September 14, 1934, at Seattle, Wash., 
while on an assignment for the company there. 

Mr. Lithgow was born in New York, N.Y., on December 23, 1889, 
the son of Richard William and Matilda Lithgow. While taking an 
evening course in steam engineering at the Y.M.C.A. in New York he 
worked for the Interborough Rapid Transit Company, New York, as 
engine-room assistant, and as a watch engineer at the I. Johnson 
Iron Works, Spuyten Duyvil, New York. Following the comple- 
tion of the course in 1909 he was employed for four and one-half 
years in connection with the erection and operation of a pumping 
plant on the Panama Canal. 

After the canal was opened in 1914 Mr. Lithgow took a position as 
chief engineer for the Arkansas Water Company, a subsidiary of the 
American Water Works & Electric Co., at Litthe Rock, Ark. Under 
his direction the pumping station was rebuilt, much new equipment 
installed, and the plant brought to a high point of efficiency. In 
April, 1918, Mr. Lithgow was made traveling engineer for the parent 
company to look after the operation and condition of the different 
pumping stations, correct defects in the design of machinery, recom- 
mend new equipment where advisable, and in general, see to the 
efficiency of the stations. 

Mr. Lithgow had been associated with Ford, Bacon & Davis, Inc., 
since 1919. He specialized in valuation work, serving as senior 
valuation engineer in connection with appraisals for the Puget 
Sound Power & Light Co., Niagara, Lockport & Ontario Power Co., 
Lone Star Gas Company, Old Dominion Power Company, Delhart 
Gas Company, Remington Arms Company, Canada Cement Com- 
pany, Fox Film Corporation, and other companies. 

Mr. Lithgow became a junior member of the A.S.M.E. in 1917 
and an associate-member three years later. 

He is survived by his widow, Mrs. Helena Lithgow, and by two 
children, Richard and Eugenia Lithgow. 


JOSEPH HUGH McCANDLESS (1882-1936) 


Joseph Hugh McCandless was born at Girard, Kan., on Novem- 
ber 4, 1882, a son of Rolla Henry and Ruth Jane (Cooper) McCand- 
less. He had a high-school education and later took the complete 
mechanical engineering course of the International Correspondence 
Schools, as well as normal, language, and music courses. He served 
a machinist’s apprenticeship, and in 1906-1907 was a student at 
the California School of Mechanical Arts, at San Luis Obispo. 
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His first position was that of tracer, blueprinter, and draftsman 
for the Pacific Steel & Wire Co., Oakland, Calif., following which he 
did similar work for the White Ornamental Iron Company, also of 
Oakland. In 1909-1910 he was engaged in work on the Los Angeles 
Aqueduct, then did mapping for the Western Union Telegraph Com- 
pany. He was in San Francisco in 1911-1912 working as draftsman 
for the Joseph Wagner Company, on conveyers, and for the General 
Petroleum Company on an oil pipe line. Next he made drawings 
for a new 15-story refinery for the California Hawaiian Sugar Re- 
finery Company, Crockett, Calif., and for power plants and ware- 
houses for the Union Oil Company, San Francisco. 

In 1915 Mr. McCandless turned to marine drafting, in the Hull 
Department at the Mare Island Navy Yard, Vallejo, Calif. He did 
similar work at the Union Iron Works in San Francisco the follow- 
ing year, then entered the U.S. Air Service as a first lieutenant in the 
Technical Section. He was stationed at San Diego for a time, later 
in England and at Paris, where he was executive officer of the Draft- 
ing Division. 

Following the World War Mr. McCandless worked for a time as 
draftsman for power plants and on conveyers, in New York, N.Y., 
then became mechanical engineer and chief draftsman in the Export 
Department of the Texas Company in that city. He returned to 
France in 1920 as chief draftsman for James Stewart, Inc., New York, 
in connection with an oil pipe line from Havre to Paris. He re- 
mained in France until 1927, working successively for the Crane Ex- 
port Corporation on valves and piping; Cie des Entreprises Indus- 
trielles, on an invention for refining gasoline; Glacerie de la Chan- 
teriene, Cie St. Gabain, in connection with the construction of a plate 
glass factory; Cie Nationale des Radiateurs (American Radiator 
Company); Worthington Pump & Machinery Corp., converting 
specifications for feedwater heaters to the metric system; and Cie 
des Constructions Electriques on electric locomotives. He was also 
assistant superintendent of construction for an automobile highway 
in the French Alps. 

He returned to New York in July, 1927, and was employed by 
Starrett Brothers there, making composite drawings for the mechani- 
cal equipment of buildings. He next did drafting for the Carrier 
Engineering Corporation of Newark, N.J., and then represented 
that organization in Paris for a few years. During the latter part 
of his life he was again located on the West Coast, and at the time 
of his death on January 18, 1936, was employed in connection with 
the Bonneville Dam, in Oregon. 

Mr. McCandless was unmarried. A brother, Robert M. McCand- 
less, of Hercules, Calif., survives him. He became an associate- 
member of the A.S.M.E. in 1928. 


KENNETH MOLLER (1883-1934) 


Kenneth Moller, president since 1930 of the Textile Patent & 
Process Co., Boston, Mass., died on November 10, 1934. He is 
survived by his widow, who resides in Milton, Mass. 

Mr. Moller was born at Yonkers, N.Y., on December 9, 1883. He 
received an A.B. degree from Harvard University in 1906 and an 
8.B. from Massachusetts Institute of Technology the following year 
He remained at the Institute as assistant in the mechanical engineer- 
ing laboratory for a year, then went to Providence, R.I., where for 
about a year and a half he was engaged in the design, construction, 
and testing of a 250-hp single-cylinder, double-acting, horizontal 
Diesel engine for the Fuel Oil Engine Company. During the next 
year and a half he was a salesman for the Commercial Camera Com- 
pany, of Providence. 

In 1913 Mr. Moller became general superintendent and assistant 
treasurer of the Jenckes Spinning Company of Pawtucket, R.I., a 
large cotton mill. He had entire charge of the power plant which un- 
der his direction was redesigned for the adoption of oil as fuel. This 
was reported by him as being the first manufacturing plant in New 
England to adopt oil fuel. During the four and a half years which 
Mr. Moller spent with this company, approximately two million 
dollars was expended in plant extensions and improvements, includ- 
ing the electrification of drives. 

From 1916 to 1918 Mr. Moller was with the William Whitman 
Company, Inc., of Boston, in charge of designing, constructing, 
equipping, and putting into operation a tire fabric mill at Lawrence, 
Mass. He left this company to enter the service of the U.S. War 
Department, where he had charge of the purchase, production, and 
inspection of all clothing for the United States Army. 

After the close of the War, Mr. Moller became associated with 
Lockwood, Green & Co., in direct charge of all its engineering work 
in the New England district. He made designs and layouts for a large 
number of cotton mills and was a partner and director of the company 
when he left it at the beginning of 1925 to become vice-president of 
the Hunter Manufacturing & Commission Co., New York. After 
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two years there he accepted the vice-presidency of Jos. Bancroft & 
Sons, of Wilmington, Del., where he was located until 1930. 
Mr. Moller had been a member of the A.S.M.E. since 1921. 


AUGUSTUS F. NAGLE (1841-1920) 


It was not until 1931 that the A.S.M.E. learned of the death in 
1920 of Augustus F. Nagle. Information for a complete memorial 
notice could not be secured, therefore a brief statement was pub- 
lished at that time. There has since come to light an autobiography 
written by Mr. Nagle in 1895, which is reproduced here for permanent 
record. 

“TIT was born in Germany on August 4, 1841, and came to this 
country in 1851. 

‘I was educated at the Fredonia Academy, New York, for a civil 
engineer, but followed the German custom of first learning a trade 
and therefore served a three years’ apprenticeship in a machine shop. 

‘‘In 1863 I entered the regular service of the U.S. Navy, but re- 
signed at the close of the war to engage in private work. In 1867 I 
went to Providence, R.I., and for some years was connected as drafts- 
man and mechanical engineer with the construction of the Providence 
Water Works. I designed the high-service pumping engine for these 
works. This is a geared engine, of the vertical compound type, with 
cranks set at 180 deg. It was the first 180-deg compound engine 
built in this country, and the first compound engine applied to direct- 
service pumping works. It gave a duty of 84,673,245 ft-lb per 100 
lb of coal, with an evaporation of less than 8 lb of water per pound of 
coal. This was the highest duty attained at that time by a direct- 
service pumping engine. 

‘In 1882 I went West and introduced the Grinnell automatic 
sprinkler, previous to which time no automatic sprinkler had been in 
successful use in the West. For nine years I was connected with the 
sprinkler business, after which I was engaged in purely professional 
engineering work. 

“In 1894 I became connected with the Metropolitan West Side 
Elevated Railroad Company, Chicago, as consulting engineer, with 
special work relating to its large power station. I have taken pride 
in the simplicity, effectiveness, and economy of this work. In this 
work I am engaged at the time of writing this sketch. 

“Tf I may sit in criticism of my own work, it is that my taste and 
judgment have always been more that of a mathematician than of a 
mechanic. At the early age of 15 I had already taken the complete 
mathematical course at the Academy, including the Calculus, and 
all through life my inventions and work have been designed on fine, 
or what is called theoretical, lines, and only by the greatest care and 
effort have I been able to bring it to practical everyday uses. 

‘*Although educated in this country and constantly associated with 
mechanical work, the cast of my mind is of the characteristic German 
metaphysical type, and I love to study abstract problems. 

‘In character, I am a purist, and hence lose some of the personal 
charms attached to men given more to good-fellowship. 

“I am of a religious nature, but hold no longer to the dogmas of 
any church. 

“T have been married twice, and have living a wife and a little son 
9 years old. I became a member of the A.S.M.E. in 1880.” 


HENRY SHOEMAKER NEWLIN (1887-1935) 


Henry Shoemaker Newlin, who became an associate-member of 
the A.S.M.E. in 1921, was born at McKeesport, Pa., on October 8, 
1887, son of Theodore F. and Harriet (Shoemaker) Newlin. 

Following his graduation from the McKeesport High School he 
was employed for about two years in various capacities in connec- 
tion with the construction of new skelp mills at the McKeesport works 
of the National Tube Company. He then attended technical school 
for a year, after which he returned to the National Tube Company, 
where he worked on electric traveling crane construction and main- 
tenance until the fall of 1909. 

During the next three years Mr. Newlin was construction en- 
gineer for the Pennsylvania Steel Company at Steelton, Pa. At the 
beginning of 1913 he became chief engineer at the Sharon (Pa.) plant 
of the American Steel Foundries. He remained there until April, 1918, 
during which period he increased the plant capacity from 1000 to 
5500 tons per month, necessitating the construction of four new 
open-hearth furnaces, together with buildings and equipment neces- 
sary to handle the increased tonnage. He also had charge of plant 
maintenance. 

Following the termination of this work Mr. Newlin was engaged 
for a time in private experimental and business matters. In August, 
1919, he became production manager of the Sharon Pressed Steel 
Company. He was with this company until early 1921, his work 
including the construction of a new plant at Sharon. He next took 
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the position of superintendent in charge of design and construction 
of a large scrap yard for the Rotter Speer Company at Sharon. He 
left there in 1923 to engage in research and experimental work for 
the A. O. Smith Corp., Milwaukee, Wis., and in 1925-1926 carried 
on research work for the Wm. Millspaugh Paper Mills at Sandusky, 
Ohio. 

From May 1, 1926, until July, 1928, Mr. Newlin was engaged in 
special experimental and development work in the Jersey City plant 
of The M. W. Kellogg Company, and after that time and until his 
death on September 16, 1935, was sales engineer for the company. 

He is survived by his widow and six children. 


THEODORE OLUF NICKELSEN (1881-1934) 


Theodore Oluf Nickelsen died at the Singapore General Hospital 
on August 26, 1934. He had been on his way to Manila from India, 
where he had spent several months on business, but severe illness 
necessitated his removal to the hospital when he reached Singapore. 

Mr. Nickelsen, who had been engaged in engineering work in 
Hawaii and the Philippines for nearly thirty-five years, was born in 
Liverpool, England, on September 23, 1881, son of Jens Oluf and 
Amy Mary N. (Lemmer) Nickelsen. At the age of seventeen he en- 
tered the employ of the Mirrless Watson Engineering Company in 
Glasgow, Scotland, where he remained for about two years. He went 
to Kihei, Maui, T.H., early in 1902 in connection with the develop- 
ment of a deep well pumping plant and during the next ten years 
served a number of companies in erecting and operating capacities. 
As chief operating engineer of a Honolulu cane sugar mill and refinery 
for the last five years of this period he made improvements resulting 
in the reduction of fuel consumption, introduced the first steel mill 
housing designed and manufactured by the Honolulu Iron Works, 
and modernized equipment. 

Mr. Nickelsen went to the Philippine Islands in the fall of 1913 to 
_ assist in the erection of new equipment at the Calamba Sugar Estate, 
Laguna. Subsequently he was managing engineer for the Philippine 
Sugar Estate Development Company at Calamba until 1916. He 
then established an office as contracting engineer in Iloilo, Panay. 
He was engaged to dismantle a 250-ton sugar factory at Tigbauan, 
Panay, transport it to Ilog on the Island of Negros, and re-erect it 
there, a task which he performed in two and one-half months. He 
later erected several mills and designed new equipment for other 
companies. 

After traveling in Japan, China, and the United States in the 
winter of 1918-1919 Mr. Nickelsen returned to Honolulu for a short 
time, being connected with the Honolulu Iron Works. He then 
became chief engineer under the contractor for the erection of a sugar 
mill at La Carlota, P.I., upon the completion of which he was re- 
tained as chief consulting and operating engineer. After three years 
there, during which time he installed additional equipment, he spent 
about six months as chief erecting engineer for the Del Carmen Sugar 
Central, Luzon, and then was engaged for two seasons in the remodel- 
ing of the factory of the Mindoro Sugar Company, bringing the 
equipment up to a higher efficiency and increasing the capacity of 
the plant. 

During the last ten years of his life Mr. Nickelsen was connected 
successively with the Kabankalan Sugar Company, Inc., and Ma-ao 
Sugar Central Co., Inc., Occidental Negros, the Asturias Sugar Cen- 
tral, Inc., San Juan, Dumalag, Capiz, and Earnshaws Docks and 
Honolulu Iron Works, Port Area, Manila. He became a member of 
the A.S.M.E. in 1927 and was a past-president of the Philippine 
Society of Sugar Technologists and a member of the Philippine Sugar 
Association. He had contributed articles on the sugar industry to 
periodicals in Hawaii and the Philippines. He is survived by his 
widow, Meta (Petersen) Nickelsen. 


LARS GUSTAF NILSON (1862-1935) 


Lars Gustaf Nilson, a member of the A.S.M.E. since 1916, died at 
his home in Hoboken, N.J., on November 29, 1935. He was a native 
of Sweden, having been born at Skattkirr on September 8, 1862, the 
son of Nils and Caroline (Larson) Peterson. He attended public 


school in Sweden and after coming to the United States pursued his — 


studies in evening school and in private. 


The Edison Pioneers, of which Mr. Nilson was an associate mem- 


ber, has issued a memorial containing the following record of his 
professional experience: 

‘He became associated with the Edison interests on October |. 
1886, when he was employed by A. S. Vance, superintendent of the 
Des Moines Edison Light Company, Des Moines, Iowa, as a meter 
man. He was soon given assistants so that he could devote his time 
to other work, such as installing motors, locating trouble, repairing 
engines and dynamos, etc., and was successful in rewinding burnt ou! 
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‘“H” armatures. In 1888 Mr. Vance resigned and Mr. Nilson was 
appointed superintendent. In connection with the building of a new 
station Mr. Nilson assisted in planning the power house, system of 
distribution, ete. 

“From August 1, 1890, to February 1, 1893, he was superintendent 
of the Sioux City Electrical Supply Company, Sioux City, Iowa, dur- 
ing which time he installed a number of isolated plants, using Edison 
machines. He pianned and had charge of the lighting of the Sioux 
City Corn Palaces and Carnivals in 1890 and 1891, one of the earliest 
examples of ornamental electric lighting. In 1893 he became superin- 
tendent of the Sioux City Brass Works, where he designed and built 
direct-current dynamos and motors up to 50 hp. 

“From February 1, 1898, to January 1, 1900, he was chief engineer 
of the Patton Motor Company and 8. M. Fischer, both of Chicago, 
where he did gas-electric pioneer work; and from January 1, 1900, to 
September 1, 1904, he was chief engineer of the Fischer Motor Vehicle 
Company of Hoboken, N.J., working on gas-electric trucks and omni- 
buses. From that date until February 1, 1909, he acted as chief 
engineer of the Strang Gas-Electric Car Company of New York, 
manufacturers of gas-electric rail cars. 

‘In 1909 he became chief engineer of the Nilson-Miller Company, 
Hoboken, N.J., working on special machinery and tools, gear cutting 
and general machine work, in which capacity he served until January 
1, 1927, when he became a consulting engineer with his headquarters 
at 1219 Garden Street, Hoboken, N.J."’ 

Mr. Nilson held a number of patents on electrical and mechanical 
appliances, automatic telephone switches, gas-electric automobiles, 
railway cars, internal-combustion engines, the Nilson ‘*Kritiscope”’ 
“Volute’”’ car brake, a hydraulic dynamometer, gas-engine valves, 
piston rings, and other inventions and developments. 

Mr. Nilson had been married twice, first to Huldah S. Anderson, 
of Des Moines, in 1907, and in 1927 to Florence M. Gahagan, of 
Jersey City, N.J. He became a member of the Society of Automotive 
Engineers in 1910 and served as treasurer of its Metropolitan section 
in 1919-1920. He belonged also to the American Society for Steel 
Treating (now the American Society of Metals), the New York Elec- 
trical Society and New York Railroad Club, the American Society of 
Swedish Engineers and the Swedish Engineers Society of Chicago, 
and was a member of the Masonic fraternity. 


WERNER NYGREN (1868-1936) 


Werner Nygren, president of Werner Nygren, Inc., consulting 
engineers in the field of steam power, heating and ventilating, New 
York, N.Y., died of heart failure in Freeport, L.I., on August 29, 
1936. Four children, two sons and two daughters, survive him. 
His wife, Wilhelmina C. (Magnusson) whom he married in 1891, died 
in 1935. One of his sons, Alfred M. Nygren, is a member of the firm 
which he founded in 1927. 

Mr. Nygren was born at Billingsfors, Sweden, on July 24, 1868, 
son of Andrew and Sara Elizabeth (Unge) Nygren. He attended 
public and high school in Billingsfors, then went to Vinersborg for 
his technical education. He was graduated from the mechanical 
engineering course in 1888 and after working for a short time as a 
draftsman in Sweden, came to the United States, where he was 
first employed by B. Davidson, architect, Lynn, Mass. 

In 1890 Mr. Nygren began several years’ employment with the 
Thomson-Houston Electric Company, at Lynn, as draftsman and 
engineer on steam and mill work. While with the company he 
prepared the design for the steam-power and heating equipment 
of its wrought-iron casting foundry at South Boston. In 1893 he 
was connected for a short time with Fred Tudor, consulting engi- 
neer, Boston, preparing the design for the heating and ventilating 
of the Boston City Hospital Surgical Building and other buildings, 
then took a position in the office of Edmond Wheelwight, city ar- 
chitect of Boston, as draftsman, working on heating and ventilating 
designs for the public schools. 

Mr. Nygren took up work in New York in November, 1895, as 
assistant to Alfred R. Wolff (Mem. A.S.M.E.). This association 
continued until the death of Mr. Wolff in January, 1909, then the 
firm of Nygren, Tenney & Ohmes was formed to continue his practice. 
Mr. Nygren was managing partner of the firm until 1916, and from 
that time until the formation of Werner Nygren, Inc., engaged in 
private practice in the field of steam power, heating, and ventilation. 
During his many years in this field in New York, he was in charge of 
the installation of equipment for many of the important buildings 
in the city. 

Mr. Nygren had been a member of the A.S.M.E. since 1914. He 
was past-president of the New York Association of Consulting En- 
gineers and the Heating Board of Trade of New York, a member of 
the American Society of Swedish Engineers, New York Building 
Congress, Metropolitan Museum of Art, Engineers’ Club, New York, 
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and belonged to the Elks and Masonic orders. He served as chair- 
man of the Divisional Committee on Heating and Ventilation of the 
Advisory Commission of the Council of National Defense in 1918. 
Gardening and fishing were his chief diversions. He became a 
citizen of the United States in 1897. 


FRANK JOHN O'LEARY (1868-1934) 


Frank John O’Leary, a member of the A.S.M.E. since 1911, died 
of angina pectoris in Detroit, Mich., on April 1, 1934. He is survived 
by his widow, Marium (Fisher) O’Leary, whom he married in 1897, 
and by three daughters, Elizabeth O’Leary, Ellen McCrum, and 
Frances Faucher, all of Detroit; also by a sister, Anna M. O'Leary, of 
Detroit, and a brother, of Redford, Mich. 

Mr. O'Leary was born at Canandaigua, Ontario County, New York, 
on February 20, 1868, son of Humphrey and Ellen (Cooney) O'Leary. 
He attended public school in New York and Michigan and took pri- 
vate instruction in drafting. At the age of twenty he entered the 
employ of the Detroit Lubricator Company, with which he remained 
until the spring of 1894. During the next four years he was em- 
ployed by the Penberthy Injector Company, Detroit, which recalled 
him in 1907 to take charge of experimental and mechanical work and 
retained his services as mechanical expert for a period of five years. 
Between the years 1898 and 1907 he was connected with the Lee 
Injector Company, Detroit, and the William Powell Company, 
Cincinnati, Ohio, and from 1913 to 1917 was manager of the Special 
Injectors Company, Detroit. All of these firms were engaged in 
making brass steam supplies, and Mr. O’Leary improved the designs 
and manufacturing equipment and methods. During part of 1912-1913 
he was on the time-study staff of the Packard Motor Car Company. 

In 1914, Mr. O'Leary also became associated with the appraisal 
work being carried on by Dean Mortimer E. Cooley (Mem. A.S.M.E.), 
of the University of Michigan. In 1914-1915 he made an appraisal 
of the Detroit United Railways, and in 1915-1917, appraisals of the 
Public Service Railway Company and Public Service Electric Com- 
pany, Newark, N.J. During the next few years he was assistant 
engineer to Harvey E. Mole (Mem. A.S.M.E.), of New York, N-.Y., 
and in 1921-1923 made an appraisal of the Public Service Gas Com- 
pany, Newark, for Dean Cooley. In all of his work for the Cooley 
organization he had complete charge of the field inventory and pricing 
of all shop equipment and allied items. 

At various intervals between November, 1923, and June, 1927, he 
was employed as valuation engineer by the National Appraisal Com- 
pany of Boston, Mass. He then became connected with the firm of 
Cornwall & Stevens, insurance brokers, of New York, for which he 
was traveling engineer until the time of his death. 


JAMES BLAINE PATTERSON (1890-1936) 


James Blaine Patterson, Midwest representative of the A.S.M.E., 
died on October 16, 1936, in the Presbyterian Hospital in Chicago, 
following an operation for acute appendicitis. 

Mr. Patterson had been advertising representative of the Society 
in the Chicago area since 1925. Following the death of R. R. Leon- 
ard, Midwest representative of the Society, in December, 1935, Mr. 
Patterson had also taken over his duties in the Chicago office. His 
wide acquaintanceship and experience in the advertising field, where 
his work had been since 1916, coupled with his keen devotion to the 
interests of the Society, made him a much appreciated and valuable 
member of the staff. 

Mr. Patterson was born at Camden, N.J., on October 30, 1890, son 
of George Washington and Laura (Grapewine) Patterson. He at- 
tended high school at Yonkers, N.Y., and studied at the College of the 
City of New York for one and a half years. He then entered the 
Carnegie Institute of Technology, which conferred a B.S. degree in 
mechanical engineering upon him in 1914. During the next year he 
was graduate assistant in the engineering laboratories, there. 

For a time in 1915-1916 Mr. Patterson was connected with the 
Public Service Company of New Jersey, engaged in temporary work 
in Trenton and Camden. He then became associated with the P. H. - 
& F. M. Roots Co., Connersville, Ind. (now the Roots-Connersville 
Blower Corporation), and after spending about six months in the 
shops became their Chicago district manager and also advertising 
manager. It was in this position that he built up his knowledge of 
both engineering and sales work, as well as a large circle of acquain- 
tances in the industrial field. For a year prior to his connection with 
the A.S.M.E. he was engaged in sales engineering as a member of the 
Hopp-Patterson Company, Chicago. 

Mr. Patterson married Miss Bernice Cummings of Chicago, in 1919, 
and is survived by her and by three children, John, Marjorie, and 
Robert. A sister, Mrs. D. L. Evans, of Grand Rapids, Mich., also 
survives him. 
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A resident of Park Ridge, IIl., since 1926, Mr. Patterson was an 
active political and civic leader there. He was a charter member 
and past-president of the Better Government Club of Park Ridge. 
In the fall of 1932 he formed the Pickwick Publishing Company, 
which published the Park Ridge Advocate, a weekly newspaper. 

Mr. Patterson was also past-president of the Engineering Adver- 
tisers Association, Chicago. He became a member of the A.S.M.E. 
early in 1936. He joined the Phi Sigma Kappa fraternity while at 
the College of the City of New York, and he was a Mason. 


HUGH PATTISON (1872-1936) 


Hugh Pattison, who died on August 20, 1936, was born on August 
3, 1872, near Cambridge, Md., the son of John Richard Pattison and 
Emily (DeValin) Pattison and a descendant from three of the earliest 
Colonial Maryland families—all early settlers in Dorchester County, 
namely, the Pattisons, the LeCompts, and the Skinners. Of these, 
Thomas Pattison first settled in Calvert County, but moved to 
Dorchester County in 1671. He was clerk of the Court of Dorchester 
County and, in 1688, was appointed his Lordship’s attorney for that 
county. The home farm, about four miles from Cambridge, where 
Hugh Pattison and his brothers and sisters were born, has been left 
as part of his estate. 

Mr. Pattison attended the McDonogh School for boys near 
Baltimore, Md., from June, 1883, to December, 1889, with a record 
as one of the outstanding students in ability and character, very 
much interested in machine-shop work, and excelling as a draftsman. 
In January, 1890, he entered Johns Hopkins University, at Baltimore, 
for the course in electrical engineering, which he completed in June, 
1892, receiving a Certificate of Proficiency in Applied Electricity 
(P. A. E.) such as all graduates in the electrical engineering course 
received at Johns Hopkins in those days. In 1927 he was awarded a 
diploma as Bachelor of Science Extraordinem, by the same institution. 

During his college vacations, Mr. Pattison worked for the Baxter 
Motor Company, of Baltimore, as armature winder and as draftsman. 
After his graduation, he obtained employment in the Equipment 
Department, at the United States Navy Yard, at Norkfolk, Va., and 
remained there several months in charge of the installation of wiring 
on three cruisers—some of the earliest, if not the earliest, electrical 
installation work on American war vessels. Then, with Sprague, 
Duncan & Hutchinson, Ltd., consulting engineers, he was assistant 
engineer in the Baltimore office of the firm, engaged on the work of 
preparing plans and specifications and supervising electrical in- 
stallations in office buildings and on the vessels of the Merchants 
& Miners Transportation Co. In 1894, he was placed in charge of 
the construction of the electric plant and all wiring work in the Con- 
gressional Library, at Washington, D.C., and after completing this 
work, stayed on in charge of operation of the plant until 1898. 

Mr. Pattison then accepted a position with the Sprague Electric 
Company as secretary to the vice-president and technical director, in 
which capacity, for some time, he followed office work in connection 
with the first multiple-unit electric-train equipment on the South 
Side Elevated Railway in Chicago, IIl., the Brooklyn (N.Y.) Ele- 
vated Railway, the elevator equipments on the Central London (un- 
derground) Railway, and, later, in charge of installing and testing 
multiple-unit railway equipments in Brooklyn and in Boston, Mass. 

In 1901, he left the Sprague Electric Company to accept a position 
as resident engineer (representing the consulting engineer) in charge 
of the design and erection of a new power plant for the Pennsylvania 
Steel Company (later, Bethlehem Steel Company), at Steelton, Pa., 
including substations, high-tension transmission lines, and the light- 
ing and motor equipment in the new shops. 

After the completion of the work at Steelton in 1903, Mr. Pattison 
went with Westinghouse, Church, Kerr & Co., New York, N.Y., as 
engineer, and with that company, was engaged on the foundation work 
of the Long Island City Power House and later on the design and 
installation of electric car equipment and the erection of car inspection 
shops for the Long Island Railroad Company. After the completion 
of this work, he was made assistant engineer of electric traction with 
the Pennsylvania Tunnel & Terminal Railroad Co. and the Long 
Island Railroad Company, and was placed in charge of the electrifica- 
tion of the West Jersey & Seashore R.R., from Camden to Atlantic 
City, N.J. Later, he had charge of the construction and operation of 
an experimental single-phase, alternating-current, electric railway on 
Long Island for the purpose of obtaining information about alternat- 
ing-current equipment to help in deciding the question as to whether 
direct current or alternating current should be used for the Pennsyl- 
vania Railroad tunnel electrification. During 1907, he served as 
field engineer in charge of a series of tests on the West Jersey & 
Seashore R.R. made by the Pennsylvania Railroad Company to de- 
termine whether there were any features in the known designs of 
electric locomotives which might introduce strains on the track in 


excess of those exerted by steam locomotives, and to obtain informa- 
tion which eventually would lead to a mechanically satisfactory de- 
sign of electric locomotive. Side pressures on rails were measured by 
the impressions made on steel plates by hardened steel balls, with 
ties of special construction having roller bearings under the rail 
supports. High-speed tests were made with different types of steam 
and electric locomotives. 

Mr. Pattison was next appointed superintendent of construction 
(under the chief engineer of electric traction) in charge of the construc- 
tion work in connection with the electrification of the Pennsylvania 
Railroad in the New York area, including the foundations and the 
erection of steel transmission-line towers across the New Jersey mea- 
dows from Manhattan Transfer through the New York Terminal to 
Sunnyside Yard, making and erecting reinforced-concrete telegraph 
and telephone line, all equipment in substations, various electric 
circuits in the tunnels, station, ete. 

After the completion of the Pennsylvania Railroad Terminal in 
1911, Mr. Pattison was appointed electrical engineer for the Chicago 
Association of Commerce Committee of Investigation on Smoke 
Abatement and Electrification of Railway Terminals, in Chicago. 
He remained in this position in exhaustive studies until the completion 
of the work in 1915. Then, from 1915 to 1919, he was electrical engi- 
neer, superintendent of inspection (during the World War), and 
assistant to the general manager of the Eddystone Rifle Plant, at 
Eddystone, Pa. 

For the next two years Mr. Pattison was engaged in making studies 
and analyses of existing steam railroad electrification, including the 
Chicago, Milwaukee & St. Paul Ry., the Norfolk and Western, the 
New York, New Haven and Hartford, and the Pennsylvania rail- 
roads, and making reports on comparative operating and maintenance 
costs for the Westinghouse Electric & Manufacturing Co. 

During 1921 and 1922, Mr. Pattison served as electrical engineer of 
the Electrification Commission for the Illinois Central Railroad, 
Chicago, to decide upon plans for and the system of electrification to 
be used. He was a delegate to the International Railway Congress 
which met in Rome, Italy, in April, 1922. After the completion of 
the work of the Illinois Central Railroad Commission, Mr. Pattison 
spent several months preparing a proposal for the electrification of 
the Virginian Railway, and, then, from 1923 to 1933, he was engineer 
of electric traction of the Virginian Railway Company, having general 
engineering supervision over the electrification work between Mullens, 
W.Va., and Roanoke, Va., covering power plant, transmission and 
overhead lines, substations, and locomotives during the construction 
period, and, subsequently, over the electrical operation. 

In 1933, Mr. Pattison accepted the position as engineer of car 
equipment with the Third Avenue Railway Company, New York, at 
the time when this company was embarking upon a new, extensive 
program of rehabilitation of cars and equipment. He had charge of 
the drafting-room work and was responsible for all revisions in car 
and equipment designs and for new designs. Owing to his wide ex- 
perience, Mr. Pattison was also consulted on the technical side of 
almost all engineering projects involved in the Mechanical and Build- 
ing Departments of the Third Avenue Railway Company. His last 
important work was the supervision of the designs of entirely new 
light-weight intermediate side-door cars of aluminum alloy and steel 
alloy, respectively, which may prove to be the ultimate standards 
to be adopted. He was busily engaged in this work until he went to 
the New York Hospital, less than a week before his death, for an 
operation from which he did not recover. 

As a man and as an engineer, Mr. Pattison always commanded the 
respect and admiration of his associates and of men under him. He 
was eminently fair and just in all his dealings, always thoughtful and 
considerate, and always ready with encouragement or help. He be- 
came deeply interested in any task or engineering problem which his 
duties imposed, went about his work in a quiet and unassuming man- 
ner, doing what he believed was right, and his example was always 
a source of inspiration to his coworkers. He had a remarkable memory 
for incidents and details, the gift of expressing his ideas clearly, 
a keen sense of humor, and, as a conversationalist, was always enter- 
taining. 

One of Mr. Pattison’s associates in the Third Avenue Railway 
Company has written about him as follows: 

‘‘Hugh Pattison accepted the position of engineer of equipment 1D 
the Mechanical Department of the Third Avenue Railway Company 
in June, 1933, just when this particular department greatly needed 
attention. He brought to the position technical ability of the highest 
order and a rich background of experience, but, above all, he brought 
a fine influence in the spirit in which he did his work and in the steadily 
splendid example which he set. His loss is one that you and I and 
the world at large can ill afford. There are entirely too few men like 
Hugh Pattison.” 

Dr. Cary T. Hutchinson, of the early firm of Sprague, Duncan & 
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Hutchinson, Ltd., with whom, later, Mr. Pattison was associated at 
different times, has written as follows: 

‘Long association with Hugh Pattison beginning in 1893 and con- 
tinuing well through his life saw the development of a man of the 
highest integrity, both personal and intellectual. He never deviated 
from what he thought was right, no matter how great the pressure 
upon him might be. His loyalty to friends was unfailing and his 
modesty was extreme. His engineering knowledge and ability were 
of the highest order. It will be hard to find his equal. His friends will 
long remember him.” 

Mr. Pattison was never married. He is survived by two brothers, 
Judge John R. Pattison, of Cambridge, Md., for many years a judge 
of the Court of Appeals of Maryland, and James B. Pattison, of 
Philadelphia, Pa., and by several nieces. Former Governor Robert 
E. Pattison of Pennsylvania was a first cousin. 

He became a member of the A.S.M.E. in 1914 and was also a member 
of the American Institute of Electrical Engineers and the American 
Society of Civil Engineers.—[Memoir prepared by ALex Mclver, 
New York, N.Y., for the Transactions of the American Society of 
Civil Engineers. } 


WALTER GRANT PENFIELD (1872-1934) 


Walter Grant Penfield was born on November 11, 1872, at East 
Berlin, Conn., son of Walter Edwin Penfield, a machinist, and Joanna 
(Weed) Penfield. He studied civil engineering at Cornell University 
from October to December, 1890, and attended Williston Academy, 
at East Hampton, Mass., ie 1892 to 1894. He then entered the 
Sheffield Scientific School At Yale University. He left there in his 
senior year to take a positi§n as draftsman in the bridge department 
of the New York, New Haven & Hartford R.R. A Ph.B. degree 
was conferred upon him by the University in 1905, with enrollment 
in the Class of 1896 8S. 

From May, 1898, when he enlisted in the Ist Connecticut Heavy 
Artillery, U.S. Volunteers, until after the close of the World War, the 
greater part of his time was spent in army service. He was pro- 
moted to first sergeant and second lieutenant before being mustered 
out in October, 1898. After working again during the winter as 
draftsman in the bridge department of the New York, New Haven 
& Hartford R.R. at New Haven, he was commissioned second lieu- 
tenant of infantry in April, 1899, assigned to the Ist Infantry. He 
was stationed for short periods at Columbus Barracks, Ohio, and 
Governor's Island, N.Y., and was at Pinar del Rio, Cuba, from May, 
1899, to August, 1900. He served with his regiment at Manila, P.I., 
in 1900-1902, and also as engineer officer with the 6th Separate 
Brigade. He was promoted to first lieutenant in February, 1901, 
and to adjutant, 3d Battalion, in January, 1902. In June of 
that year he was detailed tp the Ordnance Department and was 
stationed at the Sandy Hook’ Proving Ground until August, 1903, at 
the Rock Island (Ill.) Arsenal in 1903-1904, and at the Watertown 
(Mass.) Arsenal in 1904-1906. He was in command of Company C, 
14th U.S. Infantry, at the Vancouver (Wash.) Barracks in 1906-1907, 
and on duty at the U.S. Military Prison, Alcatraz Island, San Fran- 
cisco Bay, during April-July, 1907. He was then detailed a captain 
in the Ordnance Department, and spent the next seven years at the 
Springfield (Mass.) Armory, being promoted to the rank of captain, 
infantry, in 1908, and detailed major, Ordnance Department, in 
October, 1910. In 1914 he was appointed president of a board of 
officers to select a new type of,yaachine gun for the United States 
Army and was transferred to the Frankford (Pa.) Arsenal, where he 
was in charge of the manufacture of artillery ammunition until 
his resignation in 1915. 

During the World War he was connected first with the Remington 
Arms Union Metallic Cartridge Company, at Bridgeport, Conn., and 
Wilmington, Del., and later with the Trexler Company of America, 
Philadelphia, of which he was vice-president. He also served as 
lieutenant-colonel of the 2d Regiment of the Connecticut Home 
Guard. After the war he was associated with the Davis-Warner 
Arms Corporation at Norwich, Conn., and the Steiger Realty Corpo- 
ration, Hartford, Conn. He served as president of the Sturdi- 
Truck Manufacturing Company, a corporation of Delaware, with 
factory at Greene, N.Y., in 1925-1926, and continued as a director 
of the company until 1933. Since 1931 he had been construction 
engineer for the U.S. Treasury Department. He was in charge of 
post-office construction at Exeter, N.H., in 1932, at Cincinnati in 
1933, and at Detroit at the time of his death, which occurred at 
Hartford, Conn., on January 3, 1934. 

Major Penfield has been a member of the A.S.M.E. since 1919 and 
belonged to the Yale Engineering Association and to the Yale Club, 
New York. He is survived by his widow, Adeline Mary (Burnham) 
Penfield, whom he married in 1896, a nephew, Jesse R. Penfield, 
and a sister, Susan (Penfield) Hodgson. 


GUY 8. POLING (1888-1935) 


Guy S. Poling, a partner in the firm of Poling and Avery, New 
York, N.Y., was killed on March 13, 1935, in a fall while inspecting 
the Bushwick Theater, in Brooklyn, N.Y. The firm of Poling and 
Avery was formed in 1931 and handled a wide variety ot valuation 
projects for industrial public utilities and municipalities. 

Mr. Poling was born in Brooklyn on August 16, 1888, the son of 
Frank L. and Lina (Nostrand) Poling. He was educated at the 
Boys’ High School, Brooklyn, and at Cooper Union, New York. He 
began work at the age of sixteen and during the next six years was 
engaged in engineering, surveying, and construction work in New 
York as instrument man, inspector, and chief of party. 

In 1911 and 1912 Mr. Poling was assistant superintendent of con- 
struction of the Los Angeles Aqueduct, Narka Division, and as- 
sistant engineer for the Los Angeles Mesa Development Company. 
Then for a year and a half he was chief engineer of the Elsinore De- 
velopment Compary and City Engineer of Elsinore, Calif. He laid 
out and developed some 8000 acres for ranches and townsites, pur- 
chasing and erecting machinery for pumping plants, water supply, 
and irrigation systems; and completed the construction of a sewage- 
disposal system for Elsinore, installed a new pumping plant, and 
laid pipe lines for a water-supply system. 

From August, 1914, until the United States entered the World 
War in April, 1917, Mr. Poling was chief engineer for the Pacific Oil 
& Cotton Co., Calexico, Calif. He designed, purchased materials 
for, and constructed the buildings for 24 cotton gins, 2 cottonseed 
oil mills, storage and warehouse buildings, offices and residences. 
He also designed the layout, purchased and erected all the machinery 
for the plant, and maintained a complete machine shop for me- 
chanical and auto truck repairs. When construction was completed 
he had charge of operation and maintenance of the plant. 

For two years, beginning in May, 1917, he served as a captain of 
the Field Artillery, U.S.A. He returned to private life as a valua- 


‘tion engineer, practicing in New York under his own name until the 


formation of Poling and Avery. 

Mr. Poling became a member of the A.S.M.E. in 1926 and also 
belonged to the American Society of Civil Engineers. He is sur- 
vived by his widow, Jessie W. Poling, and their daughter, Barbara 
L. Poling. 


BERNARD EUGENE PRATHER (1885-1935) 


Bernard Eugene Prather, whose death occurred on January 14, 
1935, was born at Waverly, Ala., on March 13, 1885. 

His early education was obtained in the rural schools of Alabama. 
He attended the Alabama Polytechnic Institute and was graduated 
as a Mechanical Engineer in 1907. After graduation he served his 
student apprenticeship with the Allis-Chalmers Manufacturing Com- 
pany, Milwaukee, Wis., and after completion of this course in 1909 
entered the Service and Erection Department as an erecting engi- 
neer. In 1918 he was appointed assistant general superintendent 
of the Service and Erection Department of this company, which posi- 
tion he held until his death. 

Mr. Prather became a member of the A.S.M.E. in 1922. He was 
a member of the various Masonic bodies, Engineers Society of Mil- 
waukee, and Westmoor Country Club. 

Mr. Prather is survived by two daughters, Marian and Edith, his 
brother Clyde, and a sister, Mrs. George Moxham, all of Auburn, 
Ala. 


JOHN MACKLIN RATHMELL (1880-1935) 


John Macklin Rathmell, a descendant of the pioneer settlers in 
Pennsylvania, died at Aurora, IIl., of angina pectoris on December 
13, 1935. He was born at Williamsport, Pa., on August 11, 1880, 
son of Joseph Guilky and Alice (Van Dyke) Rathmell. For two 
years he attended Susquehanna University, Sellinsgrove, Pa., and 
supplemented this by International Correspondence Schools courses 
in mechanical and electrical engineering. 

In 1903, he secured a position as draftsman with the Valley Iron 
Works, Williamsport, and, when he left in 1906, had been promoted 
to chief draftsman. Practically all of the next year was spent as a 
draftsman and layout man with the General Electric Company at its 
Schenectady, N.Y., plant. From 1907 to 1910, Mr. Rathmell had 
a number of positions with various companies, including the Pitts- 
burgh & Butler Railway Co., Butler, Pa., on electrical repair and 
car equipment work; two engagements with his first employer, the 
Valley Iron Works, where he was assistant to the superintendent and 
had charge of electrical equipment and inspection and also compiled 
and edited a catalog; the Lycoming Foundry & Machine Co., 
Williamsport, designing special machinery and tools and promoting 
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their sales; and the Williamsport Gas Engine Works as assistant to 
the manager. The next four years he was a draftsman and designer 
with the Ingersoll-Rand Company at Painted Post, N.Y. He re- 
turned to his birthplace in 1914 as chief draftsman for the E. Keeler 
Company. From 1917 to 1919, Mr. Rathmell was chief engineer of 
the Bryan Harvester Company, Peru, Ind., resigning to become as- 
sistant to the manager of the Franklin, Pa., plant of the Chicago 
Pneumatic Tool Company for one year. This employment was 
followed by five years with the Dunn Road Machinery Company, 
Conneaut, Ohio, where, as designing engineer and manager, he had 
general control of the development and marketing of a concrete road 
tamper and finishing machine which he invented and on which a 
patent was granted on February 13, 1923. From 1925 to 1934, Mr. 
Rathmell was development engineer for the Western Wheeled Scraper 
Company, Aurora, IIl., and secured patents on several mechanisms 
pertaining to earth-moving machinery. Illness compelled retirement 
from active business, but for several months prior to his death, Mr. 
Rathmell was working on a plan that would enable vehicles to travel 
on rails or roads without altering the construction of the vehicle. 
This plan required the fitting of steel flanges on the outside of each 
wheel immediately above the tire and these flanges would make con- 
tact with a metal guide rail that formed part of a concrete or wooden 
vehicle track which was laid parallel with and closely adjacent to 
existing railroad tracks. 

Mr. Rathmell was elected to associate membership in the A.S.M.E. 
in 1921. He belonged to the Scottish Rite in the Masonic fraternity 
and was a Shriner. He was a student of nature and had been a merit 
badge councilor and a member of the court of honor for the Aurora 
Area Council of the Boy Scouts of America since 1927. 

His widow, Emma (Miller) Rathmell, whom he married in 1910 
and a son and namesake, who resides at Williamsport, Pa., survive 
him. 


ROBERT IRWIN REES (1871-1936) 


It was the privilege of many people to know General Robert Irwin 
Rees, for his friends and the things in which he was interested were 
legion. It is difficult to realize how one man could have exerted 
such a remarkable influence in so many and such diversified activi- 
ties, but it is still more remarkable that his colleagues in each of his 
interests should have had the feeling that he gave his best efforts, 
his deepest attention, and his extraordinary leadership to the particu- 
lar project which they shared with him. It is a mark of genius that 
from his storehouse of experience he could always be depended upon to 
draw some unique and splendid gift, some faith that sustained others, 
some insight which gave direction and purpose to the undertaking, 
some conclusion that was important and which bore the stamp of 
truth, and in addition to all this, the energy and force to carry the 
project to its successful conclusion. 

Born in Houghton, Mich., on November 9, 1871, he was a member 
of a leading family in the copper country. His boyhood was normal 
and relatively uneventful. His early education was acquired in 
Houghton schools and at the Michigan College of Mining and Tech- 
nology, where during his undergraduate years he was selected as as- 
sistant in the department of physics; at this time, too, he helped the 
college librarian and thereby developed an early interest in books and 
reading which he never lost. Upon completing his course in mining 
engineering, his broadening interests brought him East to study at 
Harvard, where the lectures of William James undoubtedly did much 
to influence his philosophy of life and motivate his intellectual in- 
terests. Later he enrolled in the New York Law School where his 
plans were interrupted by the Spanish-American War. 

Motivated by the spirit of service and adventure, he enlisted in the 
army and began twenty-seven years of a notable military career. 
Within a short time he was commissioned second lieutenant. His 
first important assignment at the conclusion of the war was in con- 
nection with the Philippine Insurrection, where his unexcelled quali- 
ties of leadership in establishing harmony contributed much to the 
rehabilitation of stricken communities. He had by this time deter- 
mined upon a military career and zealously set about the study of 
military affairs and his own development. He attended in succession, 
the Army School of the Line, of which he became a Distinguished 
Graduate in 1913, and the Army Staff College from which he was 
graduated in 1914. Detailed a member of the General Staff Corps 
at the beginning of the World War, he served in the War Plans, Execu- 
tive, and Operations Division in Washington. When the need for 
capitalizing the educational facilities of the country became apparent 
to military leaders, at the suggestion of educators a Committee on 
Education and Special Training was organized in January, 1918. 
As chairman of this committee he was then placed in charge of the 
military and technical training of technicians and mechanics for the 
Army in educational institutions. This organization later developed 
into the Students’ Army Training Corps, with the wider objective 
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of preparing college students inducted in the service for commissions 
in the Army. 

The termination of the World War in the signing of the Armistice 
brought the new problem of providing organized activities for the 
men in France until they could be brought home, and in December, 
1918, he was selected for General Pershing’s staff at General Head- 
quarters, at Chaumont. With characteristic rapidity and efficiency, 
he organized the educational facilities of the Allied forces and in a 
short time was supervising the educational activities of 287,000 men, 
and providing lecture courses and institutes for 1,600,000 more. 

So outstanding had been his contributions that in February, 1919, 
he was awarded the Distinguished Service Medal ‘‘for exceptionally 
meritorious and conspicuous service’ to the Government. In April 
of the same year he was made an Officer of the French Legion of 
Honor; he was the only officer of the United States Army to receive 
this decoration from the Minister of Education. He was further 
honored for his signal service in maintaining the morale of the men in 
France by being made a Citizen of Beaune. 

On returning to Washington he was reassigned to the War Plans 
Division as Chief of the Educational and Recreational Branch. In 
the few remaining years of his military career he became a graduate 
of the Army War College in 1923, contributed effectively to the organi- 
zation of the Veterans Bureau and at the time of his resignation in 
1924 to become assistant vice-president of the American Telephone 
& Telegraph Co., he was a member of the War Department Genera] 
Staff, Operations and Training Division, in charge of the Reserve 
Officers’ Training Corps, War Department, a member of the Federal 
Council of Citizenship Training, and a member of the National 
Research Council. 

To his new position on the personnel staff of America’s largest 
business organization, he brought a richness of experience and under- 
standing of education and the problems of induction and adjustment 
of young men to business that quickly crystallized the purpose and 
method in the recruitment and training of thousands of young gradu- 
ates who entered the Bell System during the thirteen years of his 
connection with it. His perception of and keen interest in educational 
problems, his unfailing ability and willingness to aid his associates 
in every possible manner, coupled with a sympathetic understanding 
and a rare quality of leadership, made many look to him with high 
regard and appreciation for his counsel and assistance. His under- 
standing of their needs caused many outside organizations to turn 
to him for cooperation in their work. The two societies in which he 
was most active were the Society for the Promotion of Engineering 
Education, of which he was the only industrial member ever to be 
elected to the presidency, and The American Society of Mechanical 
Engineers. He was also a member of the American Institute of 
Mining and Metallurgical Engineers and the American Association for 
the Advancement of Science, and a member of the executive committee 
of the American Association for Adult Education and of the Adjust- 
ment Service of New York, vice-chairman of the Engineers’ Council 
for Professional Development, and chairman of the executive com- 
mittee of the National Occupational Conference. 

General Rees became a member of the A.S.M.E. in 1929, during his 
presidency of the S.P.E.E., and was greatly interested in bringing 
about a closer relationship between the S.P.E.E. and the professional 
groups. The Fiftieth Anniversary of the A.S.M.E. in 1930 provided 
a notable occasion for an address by him before the Society. Speak- 
ing at the welcoming dinner in New York on behalf of the educational 
institutions of the country, General Rees concluded as follows: 

“The American Society of Mechanical Engineers and other national 
engineering societies, together with the S.P.E.E., can contribute 
much in a cooperative effort to meet the challenge of engineering 
education and practice. The American Society of Mechanical Engi- 
neers has recognized its responsibility in generously supporting the 
summer schools for engineering teachers, and through its Committee 
on Economic Status has outlined a program which will contribute to 
the solution of some of the problems mentioned. Particularly are 
the members to be commended for their efforts in encouraging the 
continuing intellectual development of young engineers, and in 
raising to further high standards the profession of engineering. Such 
cooperation fortifies our brother-members in engineering education 
in the discharge of the sacred trust which is their inheritance—a trust 
which, in the development of the young manhood of the nation, 
guarantees leadership which will make sure the foundations of our 
American civilization.” 

In December, 1930, General Rees was appointed a member of the 
A.S.M.E. Committee on Meetings and Program. He was chairman 
of the committee in 1934-1935, the last year of his term, and then 
continued as advisory member of the committee the following year. 
He was named representative of the committee on the Advisory Board 
on Technology when it was formed in December, 1934. In 1935 he 
was appointed to the Executive Committee of the Management 
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Division and he was one of its representatives on the National Man- 
agement Council, which he served as vice-chairman. In the work of 
all these committees he served with distinction, showing fine imagi- 
nation and splendid judgment. 

In recognition of his achievements and contributions to education, 
he was elected an honorary member of the engineering fraternity, 
Tau Beta Pi, and was awarded the honorary degree of Doctor of 
Engineering by Worcester Polytechnic Institute in 1930 and by 
Michigan College of Mining and Technology in 1933. His position 
in the field of education was unique; he had no affiliation with any 
college other than his membership on the Corporation of the Poly- 
technic Institute of Brooklyn, and yet he was regarded as one of the 
most active and influential educators in America. Likewise, in the 
profession of engineering, his vision of the necessity for cooperation 
in activities which affected the life and development of young engi- 
neers was one of the greatest factors in the organization of the Engi- 
neers’ Council for Professional Development, to which he planned to 
devote the last years of his active career. 

As vice-president and chairman of the Committee on Professional 
Training, of E.C.P.D., he looked forward jubilantly to the time 
when he could devote his full energy to this project. It was also his 
long-time ambition to put into writing some of the convictions 
and conclusions emanating from his own experience, keen obser- 
vation, and grasp of essentials. The denial of this opportunity is a 
tragedy to education, although in more than a hundred addresses and 
papers recorded in the proceedings of many societies and magazines 
and in the book ‘*Personnel Management,”’ published by the Alexan- 
der Hamilton Institute for its course on Modern Business, there are 
glimpses of the depth and scope of his thinking. Death came to him 
on November 23, 1936, less than a month after his sixty-fifth birth- 
day, while he was in Detroit to deliver a talk to a group of engineers. 
He was buried with military honors in Arlington National Cemetery 
on November 30, the day on which he was to have been retired from 
the American Telephone & Telegraph Co. In his passing the pro- 
fessions of education and engineering have lost one of their truest 
friends and advisers, although the influence of his ideals and aspira- 
tions will still be felt as the work which he started on such a firm 
foundation continues through the efforts of his loyal and devoted 
friends. [Memorial prepared by Ovip W. EsxHpacu, American 
Telephone & Telegraph Co., New York, N.Y.] 


WILLIAM J. REILLY (1860-1934) 


William J. Reilly, consulting mechanical engineer of Denver, Colo., 
died of pneumonia in Chicago, Ill., on May 1, 1934. He retired as 
active manager of the Denver office of the Babcock & Wilcox Co. in 
May, 1926, after having been associated with the company since 1896. 

Mr. Reilly was born at Pollack Shaws, Scotland, on May 2, 1860, 
the son of Peter and Susanna (Fitzsimmons) Reilly. He prepared for 
college at St. Mungo’s Academy in Glasgow, and took an academic 
course at St. Vincent College, Latrobe, Pa., after coming to the 
United States. He served an apprenticeship with Wm. Wood & Co., 
textile manufacturers, Philadelphia, Pa., from 1875 to 1878 and se- 
cured his early shop experience with that company. In 1887 he be- 
came superintendent of electrical and steam installations for the 
North American Construction Company. After three years in that 
position he went to Evanston, Ill., where he spent three years as 
manager and engineer for the Evanston Electric Illuminating Com- 
pany. From 1892 to 1895 he was connected with the Westinghouse 
Electric & Manufacturing Co., the first two years as superintendent 
of the installation and operation of the outdoor incandescent lighting 
at the Columbian Exposition in Chicago. In 1895 and 1896 he was 
in charge of the Electrical Department of the Terminal Railroad 
Association, St. Louis, Mo. He then became associated with the 
Babcock & Wilcox Co., New York, with which he remained until 
1926, serving first as superintendent in charge of the Erection De- 
partment in New York for two years. In 1901, after spending three 
years in the Sales Department, he was made manager of the Cleve- 
land office. He was transferred to the Denver office ten years later. 

Mr. Reilly was active in the early development of steam power 
and the smokeless burning of Colorado lignite fuels. He became a 
member of the A.S.M.E. in 1901 and also belonged to the Denver 
Athletic Club. He was married in 1889 to Mary Gertrude Morgan, 
who died in August, 1934. Their children, Rosa Adele, Louis G., and 
A. G. Reilly, of Denver, and Dr. William J. Reilly, of Chicago, sur- 
vive them. 


JOHN SHELTON ROBINSON (1874-1936) 


John Shelton Robinson was born at Huntsville, Texas, on January 
8, 1874. He was graduated from Alabama Polytechnic Institute 
with a B.Sc. degree in 1893. For several years he was emploved by 
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the Southern Bell Telephone & Telegraph Co., at Atlanta, Ga., on 
telephone plant construction and testing. Then followed a long 
period (1897-1925) with the Columbia Water & Light Co., Columbia, 
Tenn., which advanced him to the position of manager. His duties 
covered design and construction to meet the growth and develop- 
ment of the properties, as well as operation. In 1925 he was en- 
gaged by the Louisiana Research Corporation of Monroe, La., to 
carry on research work in designing, supervising, and operating 
equipment employed in chemical research, and continued in this 
work for about three years. In 1925-1926 he was also connected 
with the Southern Cities Power Company of Chattanooga, Tenn., 
as chief engineer, designing electric transmission lines, hydroelectric 
and steam plants, and supervising the construction of hydroelectric 
plants. During 1928-1929 he was engaged by Mack & Collins, of 
Monroe, to make a survey of New Orleans and vicinity and to pre- 
pare estimates on gas equipment and consumption of industrial 
plants in that area. Since 1929 he had been employed by the Mem- 
phis Power & Light Co., and at the time of his death on June 26, 
1936, was with the Commercial Sales Division of the company. 

Mr. Robinson became a member of the A.S.M.E. in 1930 and was 
active in Society work in Memphis and a member of the Engi- 
neers’ Club there. 


GEORGE OTIS ROCKWOOD (1872-1935) 


George Otis Rockwood, president of The Rockwood Manufacturing 
Company, Indianapolis, Ind., for 26 years, died in that city on July 
2, 1935, from embolism following an operation. He was born at 
Chattanooga, Tenn., on August 7, 1872, son of William and Margaret 
(Anderson) Rockwood. He prepared for college in the elementary 
and high schools of Indianapolis, studied mechanical engineering at 
Purdue University for two years, and supplemented this by special 
instruction. 

In 1894, he became associated with his father in The Rockwood 
Manufacturing Company, which the latter had formed some years 
before to manufacture paper pulleys, friction drives, and transmission 
specialties. He was superintendent, engineer, and general manager 
of the company and became its president in 1909 when his father died. 
Mr. Rockwood held this office continuously until his death and was 
also president of General Fibre Products, Inc., of which the Rockwood 
Company formed a division. In his work, he placed friction-drive 
transmission on a practical engineering basis and did considerable 
special work in connection with belt drives. Mr. Rockwood, probably 
more than any other individual, was responsible for the development 
and introduction of paper or fiber pulleys as an improvement over 
wood and metal pulleys for the transmission of belt power. A number 
of patents for the manufacture of, and improvements in, paper and 
fiber pulleys and associated power-transmission equipment were 
issued to him. 

Mr. Rockwood became a member of the A.S.M.E. in 1911. He was 
a prominent member of the National Metal Trades Association, 
National Founders Association, and National Industrial Conference 
Board and was also a civic leader, being active in city, state, and 
national business affairs. 

Surviving Mr. Rockwood are his widow, Marie (Rich) Rockwood, 
and a daughter, Diane. 


JOSEPH SHIRK RUBLE (1877-1935) 


Joseph Shirk Ruble, supervisory projects manager for the Federal 
Emergency Housing Corporation in the Cleveland district, died at 
Preston Springs Sanitarium, Preston, Ont., on September 4, 1935. 
His widow, Carolyn (Newbold) Ruble, whom he married in 1913, 
survives him. 

Mr. Ruble was born at Center Hall, Pa., on November 1, 1877, 
son of James and Linda (Shirk) Ruble. He was graduated from 
Pennsylvania State College with a B.S. degree in 1901. For a year 
after graduation, he worked at the Carrie furnace of the Carnegie 
Steel Company at Rankin, Pa., and was with the C. H. Veeder Mfg. 
Co., Hartford, Conn., as mechanical draftsman and designer for 
another year. From 1903 to 1906, Mr. Ruble was employed in the 
engineering department of the American Steel & Wire Co., Cleve- 
land, Ohio, where he designed three furnaces and later supervised 
their construction. Upon the completion of these furnaces, he went 
with Hoover and Mason, Chicago, IIl., and spent the next two years 
in charge of the erection of an unloader and bridge for the Pennsyl- 
vania Railroad at Ashtabula, Ohio. * From 1908 to 1913, Mr. Ruble 
was superintendent of construction for the Tennessee Coal, Iron & 
Railroad Co., Birmingham, Ala. The next nine years were passed in 
the employ of the Samuel Austin & Son Co., Cleveland, as super- 
intendent of construction and later as vice-president. In this con- 
nection, he contributed largely, through his tireless energy and rare 
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ingenuity in the handling of the rapid construction of factory build- 
ings, to the munition production program of the World War. In 
1922, Mr. Ruble resigned as vice-president of the Austin Company 
to become executive vice-president and general construction manager 
of the H. K. Ferguson Company, Cleveland, and remained there until 
the dissolution of the company ten years later. While connected with 
the Ferguson organization, he spent considerable time in the Orient 
and was in Japan during the 1923 earthquake. From 1932 to 1934, 
Mr. Ruble was engaged in business at Cleveland on his own account 
as a contractor and engineer and was then appointed to the position 
of supervisory projects manager for the Federal Emergency Housing 
Corporation in the Cleveland district, holding it until his death a 
year later. 

His indomitable energy, rare engineering and executive ability, 
tireless devotion to business, and personal and technical integrity 
were known throughout the building industry not only in the United 
States but also in the Orient, where he supervised a number of large 
construction programs. 

Mr. Ruble was elected to membership in the A.S.M.E. in 1913. 
He also belonged to the Associated General Contractors of America, 
and to the Shaker Heights Country Club and the Cleveland Athletic 
Club, was a Knight Templar and a Shriner, and a member of the Phi 
Kappa Sigma fraternity. 


FREDERICK A. SCHEFFLER (1858-1937) 


Frederick A. Scheffler, a member of the Society since 1883, died 
at his home in Glen Ridge, N.J., on February 24, 1937. He had long 
been prominent in the electric and mechanical engineering fields, be- 
ing one of the original group of Thomas A. Edison’s coworkers. He 
was a charter member and an ardent worker for the Edison Pioneers. 
For a time he was its treasurer and later its president, after which 
he reassumed the treasurership, which he held to the time of his death. 
He was one of the originators of the movement that finally resulted 
in the organization of the Thomas Alva Edison Foundation, of which 
he was a director and vice-president. 

Mr. Scheffler was born at Galion, Ohio, on December 20, 1858, a 
son of Theodore and Mary E. (Lewis) Scheffler. He served a year's 
apprenticeship at the Grant Locomotive Works, Paterson, N.J., 
then took a course of mechanical studies at the Paterson Seminary, 
from which he was graduated in 1875. Following his first business 
experience with the Long Island Railroad, Long Island City, and 
with the Rhode Island Locomotive Works, at Providence, for each of 
which he worked as a draftsman for about two and a half years, he 
spent a year as draftsman for William A. Harris, builder of the 
Harris-Corliss engine. He also did some part-time work for the 
Brown & Sharpe Mfg. Co. while in Providence. He then secured a 
position with the Edison Company for Isolated Lighting, New York, 
taking charge of the engineering department under Miller F. Moore, 
general manager of the company. His first assignment was on plans 
for Edison's second electric locomotive which was tried out on the 
experimental tracks at Menlo Park, N.J. “The trucks and framework 
are still on display in front of the Edison laboratory at Orange, N.J. 

Later he designed the isolated lighting installation for the W.H. 
Vanderbilt residence on Fifth Avenue, New York, and that of the 
elder J. P. Morgan on Madison Avenue. Niblo’s Garden, a famous 
amusement place half a century ago, was also equipped with an 
isolated plant of Mr. Scheffler’s design. 

In May, 1884, he resigned to accept the position of superintendent 
of The Erie City Iron Works, Erie, Pa., and after five years moved 
on to the Westinghouse Electric & Manufacturing Co. at Pitts- 
burgh as acting general superintendent. Changes followed to 
include affiliations with the Brush Electric Company, Cleveland, 
Ohio, as general superintendent; The Stirling Company, New York, 
as general sales manager; and as general factory manager for the 
Sprague Electric Company, Watsessing, N.J. He then entered the 
contracting business with Jas. Beggs & Co., New York, and later 
was general manager of the Marine Engine & Machine Co., Harrison, 
N.J. 

He entered the employ of the Stirling Boiler Company, later the 
Stirling Consolidated Boiler Company, in 1905 as a sales engineer. 
Upon the consolidation of Stirling Consolidated Boiler Company 
with The Babcock & Wilcox Co. he entered the employ of the latter. 
He was attached to its New York sales office and served with the 
company until December 31, 1918, when he resigned to enter the 
employ of Fuller Lehigh Company, manufactures of pulverized fuel 
equipment, etc. That company was purchased by The Babcock & 
Wilcox Co. in the early part of 1926 and in that way Mr. Scheffler 
returned to The Babcock & Wilcox Co. For a long period of years 
and until his retirement in 1927 he was an exceptionally successful 
salesman. 

He was an active member of The American Society of Mechanical 
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Engineers, presenting papers and taking part in the discussions 
Among the papers Which he presented were the following: : 

A New Method of Constructing Horizontal Tubular Boilers 
(Trans., 1885) 

Tests of a Boiler Using Grates With Small Percéntage of Openings 
(Trans., 1893-1894) 

The Potter Mesh Separator and Superheater (Trans., 1902) 

Suggestions for Shop Construction (Trans., 1904) 

Pulverized Coal for Stationery Boilers (with H. G. Barnhurst) 
(Trans., 1919) 

He was a member of the House Committee of the Society for five 
years (1913-1917) and its chairman in 1917. He had served on the 
Dinner Committee for the Annual Meeting continuously since 1925, 
his being the willingly accepted responsibility of special arrangements 
for the groups of thirty-five, forty, forty-five, and fifty-year mem- 
bers. It was a particularly happy occasion for him when he was 
presented with the fifty-year badge of membership at the Annual! 
Dinner in 1933. He was a recognized leader of the old guard that 
has done so much to add to the prestige of the Society. 

He was a Fellow of the American Institute of Electrical Engineers. 
He served the Institute as a member of the committee on power sta- 
tions from 1916 to 1919 and again from 1922 to 1935, and as a mem- 
ber of the special committee on the Edison Memorial during 1932 
and the Edison Medal Committee, 1913-1918, 1922-1927, and 1930- 
1933. He was a past-president of the New York Electrical Society, 
and a member of the Lawyers’ and Engineers’ clubs of New York. 
He served several terms as alderman on the Glen Ridge Borough 
Council and was a member of the Glen Ridge Congregational Church, 
the Glen Ridge Country Club, and the Senior Golf Association of 
Essex County. He had been interested in golf for many years and 
on occasion played as many as thirty-six holes a day. As recently 
as the summer prior to his death he was sufficiently active to con- 
tinue to play. 

Mr. Scheffler married Miss Linda Rose, of Passaic, N.J., in 1885, 
and is survived by her and by a daughter, Lucille (Mrs. Robert T 
Lozier).—[Memorial prepared by D. 8S. Jacopus, New York, N.Y 
Mem. A.S.M.E.] 


JULIUS AUGUST SCHWANTES (1880-1936) 


Julius August Schwantes, mechanical engineer in charge of me- 
chanical research for the Colgate-Palmolive-Peet Company, Jersey 
City, N.J., died on December 27, 1936. He had been with this com- 
pany, and its predecessor, The Palmolive Company, for twenty 
years. 

Mr. Schwantes was born at Two Rivers, Wis., on February 18, 1880, 
his parents being William and Emma (Kortens) Schwantes. He was 
graduated from the Two Rivers High School in 1897 and during the 
next two years taught school, at the same time taking a course ip 
mechanical engineering from the International Correspondence 
Schools. He served an apprenticeship with the Hamilton Manufac- 
turing Company at Two Rivers, worked there as shop foreman until 
1906, and after six months’ experience in the machine shop in the 
water turbine division of the Allis-Chalmers Manufacturing Com- 
pany, became assistant works engineer for the Hamilton company 
During the three years he held this position he spent some time on 
design, and developed special woodworking machinery. 

His next position was that of works engineer for the Willow Grass 
Rug Company, at Green Bay, Wis. Here he designed, built, and 
patented a grass twine machine and installed some forty of them 
He also changed the entire plant from direct to alternating current, 
and supervised the building of additional buildings. 

Mr. Schwantes entered the employ of The Palmolive Company in 
November, 1916, as works engineer. In his application for mem- 
bership in the A.S.M.E. in 1925, he reviewed his first ten years with 
the company as follows: 

‘‘During my employment here I have designed and patented s 
number of laborsaving devices and machines, ameng which is 3 
plodder with an automatic cutting device, an automatic sealing ms- 
chine, automatic soap-bar machine, new soap-boiling method, shav- 
ing-stick holders, and many other devices. I have charge of the 
mechanical engineering in all our branches. At present I am as 
sisting in laying out a factory in Edgewater, N.J. I have had direct 
supervision in designing and building additions to our Milwaukee 
factory, and of the installation of boilers, engines, large tanks and 
kettles. Some of these tanks and kettles are 20 in. in diameter by 
40 in. deep and were installed inside the old building while the upper 
floors were kept in full operation.” ; 

The name of the company was changed following a merger in 1925 
and since that time Mr. Schwantes had engaged largely in mechani- 
cal research. 

Mr. Schwantes had been a member of the National Association of 
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Stationary Engineers (now the National Association of Power Engi- 
neers) and of the Engineers Society of Milwaukee. He is survived by 
his widow, Laura E. Schwantes, whom he married in 1909, and by 
their son, J. Warren Schwantes. 


GEORGE EDWIN SEABURY (1865-1936) 


George Edwin Seabury, since 1917 superintendent of the Station 
Engineering Department of The Edison Electric Illuminating Com- 
pany of Boston, died on July 13, 1936, in New Haven, Conn., of 
eerebral embolism. He is survived by his widow, Emma Augusta 
(Hodgdon) Seabury, whom he married in 1891; a daughter, Ruth 
Isabel Seabury, residing with Mrs. Seabury in Jamaica Plain, Mass.; 
and three sons, Dr. Robert Brewster Seabury, New Haven, Conn., 
Major Alden Humphrey Seabury, U.S.A., stationed at Monterey, 
Calif., and Gordon Hodgdon Seabury, who is with the Edison com- 
pany. 

Mr. Seabury was born at Yarmouth, Me., on August 6, 1865, son 
of Sumner and Sarah Elizabeth (Humphrey) Seabury. He attended 
the Fort Fairfield (Me.) High School and was graduated from the 
University of Maine in 1888 with a B.M.E. degree. His experience 
prior to his connection with the Edison company included two years as 
draftsman and erector with the Maine Central Railroad at the 
Waterville shops; six years with the Hinkley & Eglery Iron Co., Bangor, 
Me., successively as draftsman, foreman of the pattern shop, and assis- 
tant superintendent; two and one-half years with the International 
Paper Company, Livermore Falis, Me., during which time he pro- 
gressed from the position of draftsman to that of master mechanic; 
four years with the Edison Portland Cement Company, at Stuarts- 
ville, N.J., as general master mechanic of construction; two years 
with Rathbone Sard & Co., Albany, N.Y., in the position of general 
factory superintendent, manufacturing stoves and gas ranges; and 
six years with the General Electric Company at Schenectady, N.Y., 
part of the time as foreman of steam-turbine construction and later 
as assistant foreman of assembly and tests of air compressors. 

Mr. Seabury entered the employ of The Edison Electric Illumi- 
nating Company of Boston in the capacity of erecting engineer of the 
Station Engineering Department in 1912 and became superintendent 
in October, 1917. 

A member of the A.S.M.E. since 1916, Mr. Seabury served as 
chairman of the Boston Section in 1926-1927. He was chairman 
of the Engineering Societies of Boston in 1930-1931, and was a mem- 
ber of the Engineering Societies of New England and of the Engi- 
neers’ Club, Boston. He was a past-president of the Boston Alumni 
Association of the University of Maine, a 32d degree Mason and 
past-master of the Mt. Lebanon Lodge. He belonged to the Eliot 
Club and Euclid Associates, and was active in church and related 
work. He was a trustee of the Boylston Congregational Church in 
Jamaica Plain, director of the City Missionary Society of Boston, a 
member of the Congregational Club, and a supporter of the work of 
the Y.M.C.A., Salvation Army, and similar organizations. 


GEORGE CARL SHAAD (1878-1936) 


George Carl Shaad, highly esteemed dean of the School of Engi- 
neering and Architecture of the University of Kansas, came to an 
untimely death on July 6, 1936, at Pasadena, Calif., as the result of 
an intestinal infection. Dean Shaad left Lawrence the day following 
Commencement by automobile accompanied by Mrs. Shaad and their 
youngest son, to attend the summer convention of the American 
Institute of Electrical Engineers in Pasadena. With preparations 
carefully made for a trip which was to be an outing combined with 
business, he departed with the enthusiasm of a youth, only to contract 
the fatal affliction along the way, and arrived in Pasadena already 
very ill. 

Dean Shaad was an outstanding educational and professional 
leader. At the time of his death he had just completed a term as 
chairman of the Kansas City Section of the A.S.M.E., of which he 
became a member in 1914, and he was serving as a director of the 
American Institute of Electrical Engineers, of which he was a Fellow. 
He was an active worker in the Society for the Promotion of Engineer- 
ing Education, of which he was vice-president in 1934. He had been 
active in the Kansas-Nebraska Section of this society since its organi- 
zation. He was a member of the State Board of Professional Engi- 
neers of Kansas, the examining board for licensing engineers in the 
State of Kansas. He also had been named as a member of the visiting 
committee of the Engineers’ Council for Professional Development for 
this region. For the University of Kansas he was serving as its repre- 
sentative on the Board of Faculty Representatives of the Big Six 
Athletic Conference and was chairman of that board. He contributed 
numerous articles to the technical press, and his work, ‘“The Construc- 
tion and Operation of Electrical Power Stations,’’ was published as a 
section of a standard electrical engineering handbook. 
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Son of George and Christina (Ernst) Shaad, Dean Shaad was born 
in Stratford, N.Y., on May 5, 1878. His early education was re- 
ceived at Stratford. He went to The Pennsylvania State College, 
and received a B.S. degree in electrical engineering in 1900. In 
1905 he was awarded the E.E. degree. From 1900 to 1902 he was 
employed in the testing department of the General Electric Com- 
pany at Schenectady, N.Y. He began his teaching career in 1902 as 
an instructor in electrical engineering at the University of Wisconsin; 
he was promoted to an assistant professorship in 1904. In 1906 he 
became an assistant professor at Massachusetts Institute of Tech- 
nology, and was promoted to an associate professorship in 1907. He 
served in this capacity until 1909; then he was called to the Uni- 
versity of Kansas as professor of electrical engineering, where he be- 
came head of the Electrical Engineering Department. During 1917-— 
1918, owing to the absence of the regular dean in the military service, 
he served as acting dean of the School of Engineering, and upon the 
death of Dean Perley F. Walker in 1927 he was appointed dean. He 
was married to Miss Merthyr Tydvil Evans in 1906, and is survived 
by Mrs. Shaad, one daughter, and three sons, two of whom are in 
the employ of the General Electric Company at Schenectady. 

Dean Shaad was a member of Tau Beta Pi, Phi Kappa Phi, and 
Sigma Xi, honorary fraternities, and of Theta Tau, professional 
fraternity. He was a member of the Kansas Engineering Society, 
Kiwanis Club, the Chamber of Commerce, and the Lawrence Country 
Club. On the golf course he excelled in ability as he did in his pro- 
fession. He played as energetically and enthusiastically as he worked. 
His summer vacations were spent mostly in the woods and lakes of 
northern Minnesota. 

There is not a member of the staff of the School of Engineering, 
nor an alumnus or student of the school who knew him that does not 
feel that he has lost a friend. Here was a man with simple honesty, 
a natural dignity, a friendly nature, absolutely informal in his re- 
lations with others, and one in whom you felt immediately that you 
could place your trust. There was never a hesitancy on the part of 
students to approach him when in trouble, or even when delinquent. 
They could always feel that they would be treated fairly. He was 
always ready to be of service to others and would enter enthusiastic- 
ally into any undertaking which promised benefit to the engineering 
profession, which he cherished. The loss of a man like this can be 
softened only by the realization that our lives have been made richer 
spiritually by associating with him and that the ideals of our pro- 
fession not only have been upheld but have been uplifted by his 
example.—[Memorial prepared by Joun A. Kina, Professor of 
Mechanical Engineering, University of Kansas. Mem. A.S.M.E.] 


ROY ARTHUR SILENT (1890-1936) 


Roy Arthur Silent, chief engineer of the Petroleum Securities Com- 
pany, Los Angeles, Calif., died on November 11, 1936, at the Good 
Samaritan Hospital in that city, following an operation performed 
several days before. He was a native of Los Angeles, where he was 
born on July 1, 1890, the son of Edward D. and Georgia (Dennis) 
Silent, and grandson of Judge Charles Silent. He entered the Uni- 
versity of California from the Los Angeles High School and took four 
years of a five-year course there, studying mechanical engineering 
and irrigation. 

After leaving college in May, 1913, Mr. Silent was engaged for 
something more than a year in the supervision of the erection of a 
five-story office, loft, and theater building in Los Angeles, including 
the layout and purchase of mechanical equipment for it, and also as- 
sisted during this time in the preparation of technical mechanical data 
for a protracted law case involving the efficiency of well construction 
and pumping equipment. With this initial experience he entered 
the office of J. B. Lippincott, consulting engineer, Los Angeles, and 
in April, 1916, became an associate member of the firm, with which 
he continued until the United States entered the World War in April, 
1917. His duties included the design and installation of several irri- 
gation and pumping works, the design of gates and structures in the 
San Fernando District of the Los Angeles County flood-control proj- 
ect, work on the valuation of the property of the Tulare County 
Power Company and Kern River Water Rights, and several other 
special assignments involving flow of water, pumping equipment, and 
construction work. 

During the War Mr. Silent served as lieutenant, Class 2, in the 
U.S. Naval Reserve Force. He was assistant engineer officer of the 
U.S.S. Frederick from April, 1917, to June, 1918, and its senior engi- 
neer officer from then until he was ordered to inactive duty on Janu- 
ary 1, 1919. He also acted as consultant to the engineering depart- 
ment of the Cruiser and Transport Force. 

He returned to civil life as superintendent engineer of the Pan 
American Petroleum & Transport Co., in charge of the company’s 
work at the home port at Tampico, Mexico. He supervised repair 
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and maintenance work, installed a work-order and cost-accounting 
system, and prepared periodic reports on the fleet of tankers operat- 
ing from Tampico. In 1920 he was transferred to the position of 
terminal superintendent of the Huasteca Petroleum Company, the 
producing company for the Pan American Petroleum & Transport 
Co. He had charge of all docking and shipping, the housing and care 
of employees, operation of a central hotel, provision for water supply 
and sanitation, and the maintenance of an industrial plant for con- 
struction and repairs. In July, 1924, he took over the entire manage- 
ment of the company’s affairs in Mexico and in October of the follow- 
ing year he was assigned the title of manager of the Tampico Terminal 
Division of the Huasteca Petroleum Company, and appointed rep- 
resentative not only of this company but also of the Mexican Petro- 
leum Company of California, Tuxpan Petroleum Company, Tamihua 
Petroleum Company, and several others. He represented these com- 
panies in the Association of Producers of Petroleum in Mexico and 
served as chairman of that organization for one year. He was a 
member of the board of directors of the American School Association, 
Tampico, and president of the Gorgas Hospital Association, the larg- 
est American hospital in the district. 

Mr. Silent became engineer for the Petroleum Securities Company 
in July, 1926, and was assigned to the development of the Doheny 
Stone Drill Company. Under his direction a million-dollar industrial 
plant was constructed for that company. Subsequently he devel- 
oped and marketed oil well drilling machinery and specialties and in 
1929 designed and constructed a million-barrel reservoir near Bakers- 
field, Calif. In addition to his other duties he was engaged in gen- 
eral petroleum engineering, drilling operations, pipe line and mainte- 
nance work, supervision of water supply, and civil engineering. 

Mr. Silent became an associate-member of the A.S.M.E. in 1922 
and a member in 1929. He also belonged to the American Petroleum 
Institute, Psi Upsilon fraternity, and the California Club, Los An- 
geles. A number of papers on his experience in the oil industry were 
published in the technical press. He was greatly interested in photog- 
raphy and in drama, on both stage and screen. 

Mr. Silent is survived by his widow, Mary Kate (Dunne) Silent, 
whom he married in 1914, and by two daughters, Patricia Georgina 
and Catherine Dunne Silent. 


GEORGE PERCY SIMPSON (1868-1935) 


George Percy Simpson, who was elected a member of the A.S.M.E. 
in 1917, was born at Toronto, Ont., Can., on February 24, 1868, son 
of William and Caroline (Mackenzie) Simpson, and died on April 20, 
1935, at Montreal, Que. He prepared for college at the MacTavish 
School, Montreal, and Trinity College School, Port Hope, Ont. He 
entered the Massachusetts Institute of Technology with the Class of 
1889 but was compelled to leave at the end of the freshman year on 
account of the death of his father, who was manager of the Canadian 
Bank of Commerce. He became an apprentice in the locomotive 
shops of the Canadian & Pacific Railway Co. at Montreal, and subse- 
quently was promoted to chief draftsman, and then to assistant 
mechanical engineer. After about ten years with that company he 
became general superintendent of the Dominion Cartridge Company, 
Montreal, and had full charge of its ammunition department. He 
resigned in 1904 and came to the United States, where he engaged in 
some minor mechanical work for a short time, then was appointed 
consulting engineer of the Robin Hood Ammunition Company, Swan- 
ton, Vt. In 1913, Mr. Simpson was made a superintendent of the 
Oven Equipment & Mfg. Co., New Haven, Conn., and later served 
as its vice-president for a number of years. During the World War, 
he acted in an advisory capacity as an expert on munitions. From 
New Haven, Mr. Simpson returned to Montreal and became vice- 
president and general manager of the General Combustion Company, 
Ltd., and also was engaged in the practice of consulting engineering 
when he died. 

Mr. Simpson was interested in machine design and had been granted 
several patents covering various mechanical devices. He was an 
ardent sportsman and took keen interest in amateur theatricals. 

His widow, Lewena (Chapman) Simpson, whom he married in 1904, 
survives him, together with a brother, Frank M. Simpson, an engineer 
with the Bell Telephone Company of Canada, located at Montreal. 


ROBERT LEWIS SMITH (1887-1935) 


Robert Lewis Smith died at his home in Winchendon, Mass., on 
August 19, 1935. He joined the A.S.M.E. as an associate member in 
1919 and was transferred to the grade of member in 1922. 

Mr. Smith was born on September 18, 1887, at Boston, Mass., and 
was the son of Lewis and Kate (Paul) Smith. He prepared for 
college at the Mechanic Arts High School of Boston and was gradu- 
ated in 1909 from the Massachusetts Institute of Technology with 
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the degree of S.B. For the year following his graduation, he served 
as an assistant instructor of mechanical engineering in its steam and 
hydraulic laboratory. 

All of Mr. Smith's business career was spent in the employ of 
Baxter D. Whitney & Son., Inc., Winchendon, Mass. In 1910, he 
accepted the position of mechanical engineer and was in charge of 
the production of woodworking machinery and tools in its machine 
shop and foundry for eight years. He was promoted to factory 
manager in 1918 and supervised all manufacturing departments un- 
til 1923, when he was made general manager. Mr. Smith held this 
position and also was a member of the board of directors at the time 
he died. In addition to his duties as factory manager at the Whitney 
plant, he was engineer for the Winchendon Electric Light & Power 
Co. from 1911 to 1916 and had charge of the design and construction 
of its high-tension power station. 

Many of the electrical and mechanical devices used on the Whitney 
line of woodworking machinery were developed by Mr. Smith, 
probably the most important of these being the electrical brake 
mechanism for stopping rotary shaper spindles, patented in 1930. 

In addition to his A.S.M.E. membership, Mr. Smith was a mem- 
ber of the American Institute of Electrical Engineers from 1919 to 
1927. He was prominent in the Masonic fraternity. At the time of 
his death, Mr. Smith was a selectman of the Town of Winchendon, 
and he also had served on various committees that were interested 
in the well-being of the town. He was particularly fond of hunting 
and golf. 

His widow, Madeline (Davis) Smith, whom he married in 1911, 
and three daughters, survive him. 


CLARENCE WILBUR SPROULL (1884-1935) 


Clarence Wilbur Sproull, who died at Newport, R.I., on May 31, 
1935, was born on August 11, 1884, at Dawn, Ohio, son of Jacob Tre- 
ber and Sarah Emma (Coppers) Sproull. He spent about a year at 
the U.S. Naval Academy at Annapolis and was graduated from Rose 
Polytechnic Institute with a B.S. degree in 1909; ten years later he 
received an M.E. degree from the Institute. 

Following his graduation he worked for a year as erecting engineer 
for the Connersville (Ind.) Blower Company. He then entered the 
teaching profession as instructor at Carnegie Institute of Technology, 
Pittsburgh, Pa., where he remained until 1924. He advanced 
through the instructional grades of assistant professor and associate 
professor, and from 1918 until he left Pittsburgh he was professor in 
charge of the department of drawing and machine design. 

From 1924 to 1929 Mr. Sproull served as train control engineer 
for the Union Switch & Signal Co., at Swissvale, Pa., and during the 
next few years was chief of design, research department, Champion 
Coated Paper Company, Hamilton, Ohio. He had been working 
at the Naval Torpedo Station at Newport since June 1, 1934. 

Three patents had been granted to Mr. Sproull for fluid-pressure 
braking apparatus for controlling the automatic application of brakes 
on a railway train. He contributed an article on the ‘‘Essentials of 
Cam Design" to the American Machinist in 1913. 

Mr. Sproull became a member of the A.S.M.E. in 1924, and had 
been a member of the Engineers’ Society of Western Pennsylvania 
for many years. He was a Mason and his interests included wood- 
work, music, and firearms. He had made a number of articles from 
wood, played the violin, and was an excellent marksman. He is sur- 
vived by his widow, Amy (Leonard) Sproull, whom he married in 
1921, and by two children, Natalie Elizabeth Sproull and Lois Marie 
Sproull, the latter a daughter by his first marriage, in 1909, to Marie 
Williams, who died in 1918. 

In April, 1918, Mr. Sproull applied for a commission as captain o! 
ordnance, in the Officers’ Reserve Corps, U.S.A., but the Armistice 
was signed before any action had been taken. In this connection. 
letters from those familiar with his work at Rose Polytechnic In- 
stitute and Carnegie Institute of Technology paid unusual tribute t 
his scholastic standing, ability as a teacher and engineer, and per- 
sonal qualities. 


FRANK F. STORMS (1864-1935) 


Frank F. Storms, who had been associated with the drop-forging 
industry for nearly half a century and organized two companies for 
their manufacture, died on June 2, 1935. He was born at Slatersville. 
R.1., on January 16, 1864. His education was acquired in the schools 
of West Boylston, Mass. , 

From 1884 to 1886, Mr. Storms was an apprentice in the shops 0! 
George L. Brown & Co., Worcester, Mass., where he learned to operate 
planers, gear-cutting lathes, and milling machines and gained some 
experience in toolmaking. He worked as a machinist and toglmaket 
with the Iver Johnson Company, Fitchburg, Mass., and, in the sit 
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years that he was employed there, learned die sinking and drop forg- 
ing, the latter of which became his lifework. From 1892 to 1900, Mr. 
Storms was superintendent and designer of dies for the Springfield 
Drop Forging Company, Springfield, Mass. He next organized the 
Page-Storms Drop Forge Company, Chicopee, Mass., and, in 1907, 
supervised the planning, construction, and placing in operation of its 
new plant. Mr. Storms was president of the company from its forma- 
tion until the plant was sold to the Westinghouse Electric & Manu- 
facturing Co. at the time of the World War and continued as presi- 
dent and general manager of the plant for the Westinghouse interests. 
In 1920, he organized the Storms Drop Forging Company, Spring- 
field, Mass., and he served as its president and general manager until 
his death. 
Mr. Storms had been a member of the A.S.M.E. since 1915. 


GEORGE AUGUSTUS SUTER (1862-1935) 


George Augustus Suter, for many years a recognized leader in 
heating and ventilation engineering in this country, died at his home 
in New Canaan, Conn., on May 30, 1935, after an illness of about six 
weeks. 

Mr. Suter was born in New York, N.Y., on June 17, 1862. He at- 
tended public school, and was a student in the College of the City of 
New York and graduated from the Columbia School of Mines in 1883 
with the degree of Mechanical Engineer. 

Following his graduation he was employed for a time by Charles 
T. Porter in his test of the Saratoga pumping machinery and at his 
office in New York. In 1884 he took a position with the Exhaust 
Ventilator Company of Chicago, as engineer in charge of designing 
and installing ventilating equipment. This work determined the 
occupation he was to follow for the remainder of his career. Two 
years after his graduation he became manager of the New York Ex- 
haust Ventilator Company and later was employed by Baker, Smith 
& Co., as an expert in the ventilation of buildings. 

In 1892 he established the firm of G. A. Suter & Co., New York, 
engineers and contractors for steam power, steam and hot water 
heating and ventilating apparatus. The firm’s business was incor- 
porated in 1905 with Mr. Suter as president of the company. He 
continued in that office until his retirement from active work in 
1912. 

During this period he was called upon to install heating and venti- 
lating plants in many large buildings in New York. Among them 
were nine at Columbus University, including Teachers College; the 
Horace Mann School, the University Club, Cornell Medical College, 
Tiffany Building, Singer Tower, six Y.M.C.A. buildings, American 
Surety Company, Chamber of Commerce, Hanover National Bank, 
Knickerbocker Hotel, and the Hall of Records. 

Mr. Suter was frequently called in as a consultant on large build- 
ing operations, of which the Grand Central Terminal was one. 

In 1917, when the United States declared war, he became consult- 
ing engineer to the Housing Corporation at Washington, which was 
engaged in erecting many buildings made necessary by the War. 

With the coming of peace, Mr. Suter retired to his home in New 
Canaan. He nevertheless retained an active control over his many 
and varied business interests. 

In 1886, he married Miss Sara Ballard Hederick of Brooklyn, 
N.Y. Mr. and Mrs. Suter had six children, of whom four are living— 
Mrs. Henry A. Miles, of New Rochelle, N.Y., Mrs. Charles Staiger, 
of Scarsdale, N.Y., and Marguerite and George Suter of New Canaan. 
His widow died on April 15, 1937. 

Throughout his life he devoted much time and energy to philan- 
thropic and civic affairs. He was of a retiring disposition and much 
of his most useful work in these fields was done without any publicity. 
He was president of the New Rochelle Hospital Association from 
1899 until 1911 and was active in promoting inland mosquito con- 
trol work as a measure for stamping out malaria, serving on a local 
committee which operated through private subscriptions and whose 
work was later carried on by the town with the cooperation of the 
State Experimental Station. 

He was a member of a special committee appointed to study water 
supply and sewage disposal for the town of New Canaan, and a new 
plant operated by the Borough was largely inspired by the report of 
the committee. 

Mr. Suter was much interested in the relief problem and prepared 
food budgets which were the basis of the work of the first Welfare 
Committee of New Canaan. 

He became a junior member of the A.S.M.E. in 1883 and a member 
ten years later. He had been a member of the Engineers’ Club and 
Columbia University Club, New York, and of the Wykagyl Club, 
New Rochelle. He was an ardent yachtsman and lover of outdoor 
sports.— [Memorial adapted from obituary published in New Canaan 
(Conn.) Advertiser.] 
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FREDERICK SAMUEL THOMPSON (1874-1936) 


Frederick Samuel Thompson, special agent for the Travelers In- 
surance Company, Hartford, Conn., died at his home in that city 
on September 12, 1936, of thrombosis of the heart. Son of Stephen 
and Emily (Vilas) Thompson, he was born at Exeter, Kan., on Octo- 
ber 4, 1874. His mother had been a teacher prior to her marriage 
and, after he was graduated from elementary school, assisted in pre- 
paring him for high school. In addition to this, Mr. Thompson had 
private instruction and took some International Correspondence 
Schools courses. 

At the age of 17, he became an apprentice at the Vermont Spool & 
Bobbin Co., Burlington, Vt., and, upon the completion of this 
apprenticeship in 1895, was a workman, foreman, inspector, and 
assistant superintendent in various factories for the next five years. 
From 1900 to 1905, Mr. Thompson designed wood-cutting tools and 
designed and built turret lathes and tools. He then accepted a 
position as draftsman in the Pond Works of the Niles-Bement-Pond 
Company at Plainfield, N.J., and had risen to assistant chief engineer 
by 1912, when he became chief engineer of the Hartford Machine 
Screw Company, Hartford, Conn. Mr. Thompson was subsequently 
elected vice-president of the company and remained there for several 
years. During the World War, he was fuel conservator and per- 
formed other service. In 1929, Mr. Thompson was elected presi- 
dent of the Ridgefield Company and served until 1934, when the 
company was dissolved. 

Mr. Thompson was elected a member of the A.S.M.E. in 1913. 
He was interested in the civic and religious activities of Hartford, 
served as chairman of the committee responsible for the construction 
of the Thomas Snell Weaver High School and the Central Baptist 
Church, and was a member of the board of trustees of the latter at 
the time of his death. Mr. Thompson belonged to the Knights of 
Pythias, the Masonic fraternity, and the Y.M.C.A. 

On October 1, 1902, he married Miss Emma Gilbert, who survives 
him. 


HERMAN ALEXANDER TONNE (1881-1937) 


Herman Alexander Tonne was born in Buckow, Saxony, Germany, 
on November 14, 1881, son of Hermann and Minna Luise (Alex) 
Tonne. Following the completion of his high-school education at 
Magdeburg he served a year’s apprenticeship as patternmaker and 
machinist with the Edward Bendel Machine Tool Company there, 
at the same time attending a technical evening school. He then 
entered the engineering college at Zwickau, Germany, from which he 
received a degree in electrical engineering in 1902. He continued 
his studies at the polytechnic institute in Ziirich, Switzerland, secur- 
ing a degree in mechanical engineering there in 1903. 

Mr. Tonne came to the United States in the summer of 1903 and 
obtained work as a machinist for the Westinghouse Electric & Manu- 
facturing Co., in Newark, N.J. He was employed there for a little 
over a year, then worked for a few months for the Gould & Eberhardt 
Co., Newark, as mechanical draftsman. In January, 1905, he began 
a period of ten years with the Stewart Hartshorn Company, roller 
curtain manufacturers, East Newark, serving successively as drafts- 
man of tools and furnaces, designer of special machinery, and assis- 
tant to the superintendent. He worked on metal stampings, ma- 
chine and tool design, power presses with micro feeds, slitting and 
forming multiple mills, automatic spring-winding machinery, special 
assembly equipment, and the rearrangement of operations for low- 
cost production. During his early years in Newark he took a tech- 
nical school course, which he completed in May, 1905. 

After leaving the Stewart Hartshorn Company in February, 1915, 
Mr. Tonne was employed successively by the Ball Bearing Shade 
Roller Company, Naugatuck, Conn., the Bristol Company and In- 
gersoll-New England Watch Company, both of Waterbury, Conn., 
and the Standard Shade Roller Company, at Ogdensburg, N.Y., in 
each case as special designer. In 1918-1919 he was tool designer for 
the Brown-Lipe-Chapin Company, Syracuse, N.Y., developing tools, 
gears, and gages for automobile differentials, wartime aircraft parts, 
and methods for increased production and experimental research. 
The next two years were spent in New York, N.Y., with A. D. Smith 
& Co., designing tools and equipment for a new manufacturing plant, 
and supervising operation. In 1922-1923 he was tool designer for 
the Intertype Corporation, Brooklyn, and from then until 1926 de- 
sign engineer for the Linde Air Products Company, New York, in 
charge of the design of automatic welding machinery, compressors, 
and acetylene generators. He also planned piping layouts for liquid 
air and chemical plants. 

From 1926 to 1932 Mr. Tonne was designer and checker for the 
Brooklyn Edison Company, at the Hudson Avenue Power Station. 
He made equipment and piping layouts, designed structural steel 
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work, platforms, ducts, fans, pumps, and conduits, and supervised 
computations and experimental research. 

During the last few years of his life Mr. Tonne was connected with 
the Department of Parks, Brooklyn, serving as assistant field payroll 
supervisor from December, 1933, to November, 1934, and from then 
until his death as assistant supervising draftsman (squad chief), in 
charge of alterations in field design and progress records of all park 
construction in the Borough of Brooklyn, including park buildings, 
playgrounds, bathhouses, swimming pools, etc. He was stationed at 
the Prospect Park Parade Grounds. Mr. Tonne died of heart failure 
while on his way to work on January 6, 1937. 

An associate-member of the A.S.M.E. since 1917, Mr. Tonne was 
automatically transferred to full membership in 1935. He belonged 
to the Kings County chapter of New York State Society of Profes- 
sional Engineers and served on a special committee with representa- 
tives of other boroughs regarding the standing and salaries of licensed 
engineers under the Public Works Administration and similar agen- 
cies. He had been a citizen of the United States since 1910. He 
contributed several articles to the technical press. 

Mr. Tonne married Ilona M. Royko in 1907, and is survived by 
her. 


FREDERICK TRANSOM (1879-1934) 


Frederick Transom, patent lawyer and engineer, of Washington, 
D.C., who died in the fall of 1934, was born in Brooklyn, N.Y., on 
May 18, 1879. From his application for membership in the A.S.M.E., 
made out in 1921, is taken the following record of his early experience. 

He served a four-year apprenticeship with Bement, Miles & Co., 
of Philadelphia, Pa., at the same time taking evening courses in 
mathematics and drawing. Shortly after the completion of his ap- 
prenticeship he entered the University of Pennsylvania, from which he 
was graduated with a B.S. degree in mechanical engineering in 1895. 
Following his graduation he worked for the Standard Oil Company, 
first as draftsman and later as an operating engineer in charge of a 
steam power and electric lighting station. He left the company to 
enter the Patent Office after passing a civil examination. Subse- 
quently he became first assistant examiner in the Patent Office. 

The University of Pennsylvania bestowed the degree of Mechani- 
cal Engineer upon him in 1906 and in that year he also received the 
degree of Bachelor of Laws and Master of Patent Law from George 
Washington University. His work at the Patent Office dealt par- 
ticularly with electrical cases. 

He is survived by a sister, Frances (Mrs. John) Hamman, of 
Houston, Tex. 


WILLIAM STANTON TWINING (1865-1937) 


William Stanton Twining was born near Titusville, Pa., on Febru- 
ary 20, 1865, the son of Charles and Mary (Stanton) Twining. His 
parents removed to Union City, Pa., in 1870, where he entered the 
public schools, from which he was graduated in 1881. He then en- 
tered the employ of the Industrial Iron Works, at Union City, as a 
machinist’s apprentice and remained there three years. In Septem- 
ber, 1884, he entered Cornell University, at Ithaca, N.Y. A year 
later, he entered Allegheny College, at Meadville, Pa., from which he 
was graduated as a civil engineer with the degree of Bachelor of 
Science in 1887. He remained at Allegheny College as an instructor 
in civil engineering and chemistry until 1890. He was granted the 
degree of Bachelor of Arts in 1889, and served as a trustee of the 
college from 1923 to 1935. 

Mr. Twining’s long connection with the development of the elec- 
tric street-railway industry began when he entered the Railway Engi- 
neering Department of the Thomson-Houston Electric Company, 
in Boston, Mass., as assistant engineer, and was associated with the 
design and erection of steam-driven electric power plants at Indian- 
apolis, Ind., Allentown, Pa., and Toledo, Ohio. In 1891, he entered 
the employ of the Harlem Bridge, Fordham & Morrisania Railway 
Co. (later, a part of the Union Railway Company of New York) as 
principal assistant engineer in charge of the electrification of the street- 
railway system, and, in the following year, he was engaged on similar 
work with the Atlantic Avenue Railway Company (later, a part of 
the Brooklyn-Manhattan Rapid Transit System). 

In 1893, Mr. Twining entered the employ of the Peoples Traction 
Company, of Philadelphia, Pa., as assistant to the chief engineer, and 
was made chief engineer in 1895. In that year, the principal street- 
railway lines of Philadelphia were consolidated as the Union Traction 
Company and Mr. Twining was made chief engineer of the consoli- 
dated system. 

During this period, the streetcar lines passed from the horse-drawn 
type to electric operation, and the successful reconstruction of the 
roadbed, with its overhead trolley system, new cars, large generating 
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plants, with their far-flung distribution system, is an enduring monu- 
ment to the genius, resourcefulness, and skill of Mr. Twining as an 
engineer. 

In 1902, the Philadelphia Rapid Transit Company was formed, 
and this company leased the electrified street-railway system, con- 
trolled and operated by the Union Traction Company. This company 
also secured public franchises authorizing it to construct and operate 
a number of high-speed subway and elevated passenger-railway lines. 

With the transfer of the Union Traction System to the Philadel- 


phia Rapid Transit Company, Mr. Twining continued as chief engi-- 


neer, in which position he directed and supervised the construction 
and equipment of the Market Street Subway and Elevated Passenger 
Railway; and a two-track subway in Market Street, extending from 
the Delaware River to the Schuylkill River, at which point it became a 
two-track elevated-railway structure of steel and concrete, to the 
western boundary of the city near Sixty-Ninth Street. This system 
is six miles in length, and its construction embraced some outstanding 
improvements over the existing structures of this period. 

In 1910, he became associated with the firm of Ford, Bacon & 
Davis, Inec., of New York, N.Y., as an engineering executive and, in 
this capacity, on behalf of the firm, studied the operating structure 
of many of the prominent public-utility systems of the United States, 
submitting reports and recommendations covering operation, valua- 
tion, and improvement of the properties. 

In 1912, Mr. Twining returned to Philadelphia as a representative 
of Ford, Bacon, & Davis, Inc., who had been retained to advise the 
City of Philadelphia in the formulation of a comprehensive plan for 
the improvement of the passenger-transportation system and to de- 
velop and recommend a program for the construction of a system of 
high-speed transportation lines by the City of Philadelphia. These 
studies continued until 1916, at which time Mr. Twining severed his 
connections with the firm of Ford, Bacon, & Davis, Inc., to become the 
director of the Department of City Transit of the City of Philadelphia, 
a position that he filled for a period of eight years. 

During this time the Frankford Elevated Railway, a two-track 
elevated structure of steel and concrete, six miles in length, was con- 
structed and equipped for operation. This line connected with the 
eastern terminus of the Market Street Subway, and extended to the 
northeast section of the city, known as Frankford. Also, a beginning 
was made on the construction of the Broad Street Subway on that 
part of the subway under City Hall. 

In 1924, Mr. Twining retired from the public service and devoted 
his time to consulting practice, and to the study and development of 
matters of a lifetime interest. He died on February 8, 1937, at his 
winter home in Fort Myers, Fla. 

He possessed, to a rare degree, the ability to conceive, envision, and 
plan comprehensive engineering systems and structures; he was 3 
master worker in his chosen field of endeavor; his warm personal 
charm drew his associates into a close relationship and encouraged 
them to give to their work the best that was in them. 

Throughout his professional career, Mr. Twining was steadfast in 
his convictions and adhered to his conceptions as to what constituted 
the right and proper course of procedure. He was loved and esteemed 
by those who were privileged to be associated with him as coworkers 
and also by those who were admitted to the closer and more intimate 
tie of friendship. 

Mr. Twining was a member of the Union League, The Franklin 
Institute, and the Engineers Club of Philadelphia, and the Phi Kappa 
Psi fraternity. His membership in technical societies included The 
American Society of Mechanical Engineers, which he joined in 1897, 
the American Society of Civil Engineers, the American Institute of 
Electrical Engineers, and the American Academy of Political and 
Social Science. 

Mr. Twining was married in 1893 to Mary H. Wylie, in 1900 to 
Isabella A. Wylie, and in 1916 to Mrs. Harriet P. Rundell, of Toledo, 
Ohio, who survives him.—[Adapted from memoir prepared by 
CHARLES H. Stevens and JosepH W. SILLIMAN, Philadelphia, Pa. 
for the Transactions of the American Society of Civil Engineers. } 


THOMAS ANTHONY VANDER WILLIGEN (1866-1936) 


Thomas Anthony Vander Willigen, director of Humphreys «& Glas 
gow Ltd., of London, and its representative in Belgium, Holland, 
Switzerland, and France, died in Antwerp, Belgium, on March 27, 
1936. He was also a director of the Société de Construction d’Ap- 
pareils pour Gas a l’Eau et Gas Industriels, Montrouge (Seine). 
France, and active in both firms at the time of his death. 

Mr. Vander Willigen was born on August 5, 1866, at Twello, Hol- 
land, son of Volkert Simon Maarten and Susanna Antoinetta (Van- 
der Hell) Vander Willigen. 

He secured his early education in Haarlem, Holland, and after 
coming to the United States attended the Stevens Institute of Tech- 
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nology, from which he was graduated with a degree in mechanical 
engineering in 1888. Following his graduation he was employed in 
the drafting rooms of the United Gas Improvement Company, Phila- 
delphia (for which he also worked on the erection of carbureted 
water gas plants for a time), the & Calumet Hecla Mining Co., Calu- 
met, Mich, and the Winslow Brothers Elevator Company, Chicago, 
until 1895. He then became chief draftsman for the Buffalo Engi- 
neering Company, where he worked until becoming connected with 
Humphreys & Glasgow in 1896. He worked on the design and con- 
struction of carbureted water gas plants for this company at first, 
later introducing the manufacture of carbureted water gas in Hol- 
land and Belgium. 

Mr. Vander Willigen became a junior member of the A.S.M.E. in 
1896 and a member in 1904. He was a delegate for the United States 
to the International Congress of General Mechanics, held at Liége 
in 1930. He was a Mason, for many years a member of the Brus- 
sels branch of ‘‘Les Vrais Amis de |'Union,”’ and a member of the 
reception committee of the Rotary Club, Brussels. 

Surviving Mr. Vander Willigen are his widow, Helena (Brown) 
Vander Willigen, whom he married in 1898, a son, Thomas Anton 
Vander Willigen, of Brussels, and two married daughters, Vera 
Helena Haigh, Brussels, and Dorothy Violette Kohler, Antwerp. 


WILHELM von OSWALD (1859-1936) 


Wilhelm von Oswald, privy commercial counsellor and retired 
assessor of mines, died on March 22, 1936, at Gross-Burgwedel, near 
Hanover, in Germany. His name recalls the mighty development of 
the Lorrainese iron industry during the prewar period. 

The first generation of the great developers of German industry 
devoted their labor chiefly to the Rhenisch-Westphalian district. It 
fell then to the lot of the second generation to create the iron in- 
dustry in the Lotharingian district. Von Oswald was one of the most 
outstanding men in that second generation; we may consider him the 
actual originator of the metallurgical works of Rombach. Originally 
planned and begun as a blast-furnace plant, Rombach was changed 
by him into one of the largest and most important metallurgical 
works. 

Wilhelm von Oswald was descended from an old family of jurists. 
He was born at Strasburg (Western Prussia) on December 18, 1859, 
and during youth shared the roving life of his father, who was 
transferred from Strasburg to Brieg and again from there to Danzig. 
Permanent domicile was only attained by his father upon becoming 
privy counsellor of the superior court and president of the district 
court in Arnsberg. There the classical education of Wilhelm von 
Oswald was completed. At that time ore mining was still in a thriv- 
ing condition in that region, which circumstance motivated the 
young man to choose mining for his career. He served an apprentice- 
ship in the government coal mines at Ramsbeck and later took 
scientific courses at the universities of Leipzig, Berlin, and Bonn. 
He passed his examination as mine ‘‘Referendar” on July 31, 1885, 
and that of mine ‘‘Assessor’’ on March 15, 1891. He then worked 
until 1895 as chief of the mining department at the head office of 
mining authorities at Halle. 

In the meantime he married Emma Spaeter, the daughter of Com- 
mercial Privy Counsellor Carl Spaeter, who owned the firm of Carl 
Spaeter at Coblenz, which was at that time the leader in the ore and 
iron market of Germany. On January 1, 1895, von Oswald became 
a partner in that firm. Thereby he came in contact with the Rom- 
bach Metallurgical Company, the shares of which were, to a con- 
siderable extent, held by Carl Spaeter. From 1896 until his death, 
von Oswald was one of the directors of the Rombach concern, holding 
office as chairman of its board from 1902 until 1927. He had charge 
of the plant and of its extension and, in addition to knowledge as a 
technician, entered that position with broad understanding of eco- 
homic necessities obtained during his activity in the merchant firm 
of Carl Spaeter. His vision became enlarged by journeys made in 
Germany and abroad. The developments which took place at Rom- 
bach were frequently new and novel at that time and were often re- 
ceived with antagonism—yet they proved themselves in splendid 
manner. 

By merging the Mosel works and by purchase of large mining 
fields he increased the company’s ore resources. The construction of 
a coke-oven plant at Zeebriigge gave the works some independence 
in its supply of coke. Flourishing settlements came into existence 
all around the works, such as Stahlheim, Rombach, and others. 
Blessings without end seemed to radiate from these works within the 
entire district of the Lorrainese. Following protracted negotiations, 
community of interest was brought about at the beginning of 1914 
between the Rombach Metallurgical Works and Concordia Mining 
Company Limited, with a view to a complete merger of these two 
enterprises. By that means the coke supply of the Rombach Metal- 
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lurgical Works was assured, giving them a foundation which seemed 
sufficiently strong to weather all storms. 

The unfortunate ending of the World War dashed Wilhelm von 
Oswald's lifework to pieces. The beautiful Lotharingian works were 
soon placed under an administrator and sold to a French group. 
Fruitless battling of many years to secure an adequate compensation, 
together with the disastrous conditions of the period of inflation, 
filled the eventide of this meritorious man’s life with great bitterness. 

Yet his courage never waned. He knew how to revive former 
connections of his mercantile firm in foreign parts, which had been 
torn asunder by the World War. Up to his last days he gave great 
and efficient care to the affairs of the firm of Carl Spaeter and to those 
firms of iron merchants which were closely associated with it. To- 
gether with the Concordia Company he became active in the field of 
trading in fertilizers and chemical products and also in the manufac- 
ture of sulphuric acid and superphosphate, both in Germany and out- 
side of it. 

The German Iron and Steel Institute lost in Wilhelm von Oswald 
one of its oldest and most noted members. It could always count 
on his support and assistance, especially as a member of its board of 
directors, to which he belonged from 1904 until his death. 

A rich life came to its close when he died. The name of Wilhelm 
von Oswald will always live in the history of Germany industry and 
the German iron trade.—[Translated by ArtHuR J. HERSCHMANN, 
New York, N.Y., Mem. A.S.M.E., from tribute published in Stahl 
und Eisen (Zeitschrift fiir das Deutsche Eisenhiittenwesen), April 2, 
1936, p. 432. Wilhelm von Oswald had been a member of the A.S.M.E. 
since 1899. Surviving him are his widow, two sons, Willi and Kurt, 
and a married daughter, Eleanor. } 


GARDNER TUFTS VOORHEES (1869-1937) 


Gardner Tufts Voorhees, widely known as a refrigerating engineer, 
died on March 18, 1937, after a short illness from typhoid fever, 
which he contracted while at his winter home in Palm Beach, Fla. 
With him in Palm Beach were his wife, Ninette (Chretien) Voorhees, 
whom he married in 1910, and his sister, Mrs. Sydney Montgomery 
Arnold, and Captain Arnold. 

Mr. Voorhees was born on July 6, 1869, in Stamford, Conn., his 
parents being Abraham and Caroline C. (Tufts) Voorhees. He se- 
cured his early education in schools in Somerville and Cambridge, 
Mass., then attended Allen’s English and Classical Preparatory 
School, in West Newton. He was graduated from Massachusetts 
Institute of Technology in 1890 with an S.B. degree. During his 
early years in engineering work Mr. Voorhees was employed by D. H. 
& A. B. Tower, hydraulic engineers, Holyoke, Mass.; Ludlow (Mass.) 
Manufacturing Company; and the West End Street Railroad Com- 
pany, Peabody & Sterns, Steel Cable Engineering Company, and 
Westinghouse, Church, Kerr & Co., all in Boston. For some years 
he was connected with the Quincy Market Cold Storage Company, 
Boston, for which he installed the major part of the brine pipe line 
that now cools the market district. 

Mr. Voorhees had been in business for himself since about 1900. 
The cooling system installed by him at the Lowney chocolate factory 
was one of the first air-circulating systems. He installed refrigerat- 
ing and ice plants for the Boston Athletic Association, the Massa- 
chusetts General Hospital, the U.S. Hospital Ship, Bay State, the 
Cincinnati Ice Manufacturing & Cold Storage Co., the Baltimore Cold 
Storage Company, and many others. Among those whom he served 
as consulting engineer were the Henry Vogt Machine Company, 
Louisville, Ky., Ice & Cold Machine Co., St. Louis, Mo., York Manu- 
facturing Company, York, Pa., and Halstead & Co., New York. 

He was chairman of refrigeration for the World’s Fair at St. Louis 
in 1904, and was the delegate of the United States to the first Inter- 
national Conference on Refrigeration in Paris, and the second in 
Vienna. 

Mr. Voorhees was the author of a number of bocks on refrigerating 
engineering, including two on the absorption refrigerating machine 
(one on elementary and the other on advanced theory and practice), 
“The Compression Refrigeration Machine,”’ ‘Indicating the Re- 
frigerating Machine,’ and ‘Refrigerating Machines—Compression, 
Absorption.’’ His patents, which were numerous, covered basic 
improvements in the processes and apparatus involved in the pro- 
duction and use of mechanical refrigeration, as well as new processes 
and equipment for the use of electricity, and developments in ther- 
modynamics and for aircraft. His multiple effect compressor, for 
increasing the capacity and economy of refrigerating systems, was 
of particular importance. 

Mr. Voorhees had been a member of the A.S.M.E. since 1900. He 
became a member of the Special Committee on a Standard Tonnage 
Basis for Refrigeration when it was formed in 1903 and served con- 
tinuously on it and its successor, the Special Committee on Refrigera- 
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tion, until 1918. In 1920, shortly after the formation of the Power 
Test Codes Individual Committee on Refrigerating Machines and 
Plants, he was appointed a member of it and he served continuously 
on this committee (now known as the Individual Committee on Re- 
frigerating Systems), until his death. 

He was a charter member of the American Society of Refrigerating 
Engineers, an honorary member of the Southwestern Ice Manufac- 
turers Association and the Western Ice Manufacturers Association, 
and a member of the Southern Ice Exchange. He belonged to the 
Salmagundi and Engineers’ clubs, of New York, and was a 32d degree 
Mason. 


EDWARD LATHROP VOY (1873-1937) 


Edward Lathrop Voy was born on November 22, 1873, in New 
York, N.Y., son of William H. and Amelia (De Bow) Voy. His 
schooling was completed in San Francisco, Calif., where he attended 
high school and studied mathematics and drawing in evening classes, 
and for about eight years, beginning in 1898, he was connected with 
the Risdon Iron Works, in San Francisco, doing mechanical drafting 
for gold dredging and mining machinery. 

In the years following the termination of his work for this company, 
up to the World War, Mr. Voy was engaged in the design, erection, 
and repair of dredging and excavating machinery for companies in 
the Middle West and East. These were, in succession, the Allis- 
Chalmers Company, Milwaukee, and Bucyrus Company, South Mil- 
waukee, Wis., 1905-1908; Stewart-Kerbaugh-Shanley Company, 
Brewerton, N.Y., on a barge canal contract, 1908-1909; American 
Locomotive Company, Paterson, N.J., 1909-1911; Furst Clark Con- 
struction Company, of Baltimore, Md., on their Cape Cod Canal 
contract at Sandwich, Mass., 1911-1914; Aluminum Company of 
America, Massena, N.Y., 1914; Davison Chemical Company, Balti- 
more, Md., 1915-1916. 

Mr. Voy enlisted in Company A, Depot Battalion, 7th Infantry, 
National Guard of New York. He was transferred to Company E, 
7th Infantry, in October, 1917, and honorably discharged in the grade 
of private in November of that year. Subsequently he served in the 
U.S. Railroad Administration as engineer in connection with the 
Cape Cod and New YorkCanal. He was inspector for the Winnisim- 
met Shipyard, Inc., East Boston, in 1920, and later engaged in 
dredging work in Florida. 

In 1924 Mr. Voy worked for a time as mechanical engineer for the 
Burnham Safety Razor Company, New York, and from September, 
1924, to January, 1926, he was layout man in the Mechanical De- 
partment of Thomas E. Murray, Inc., New York. This was his 
last active participation in engineering work in the East. He re- 
turned to San Francisco in August, 1928, and resided there until his 
death on February 26, 1937. During these years he did some draft- 
ing work for C. C. Moore & Co. and Peak & Co. 

Mr. Voy became an associate-member of the A.S.M.E. in 1916 and 
was automatically transferred to full membership in 1935. He was 
a Mason and an Odd Fellow and active in fraternal and engineering 
society work in San Francisco. He is survived by his twin brother, 
D.C. Voy, of San Francisco, and also by another brother, Charles, 
and a sister, Florence. 


JOSEPH HARRISON WALLACE (1869-1936) 


Joseph Harrison Wallace, practically all of whose life was devoted 
to the pulp and paper industry, died suddenly on July 7, 1936, at 
Hamilton, Ohio, where he had served since 1931 as consulting engi- 
neer for The Black-Clawson Company and the affiliated Shartle 
Brothers Machine Company, of Middleton, Ohio. 

He was the son of Osborne H. and Martha L. (Robbins) Wallace, 
of Worcester, Mass., where he was born on November 10, 1869, and 
where he was educated. He received a B.S. degree from Worcester 
Polytechnic Institute in 1892 and a C.E. degree seven years later. 
Following his graduation he spent two years with the U.S. Light- 
house Establishment. Working under Major William R. Livermore, 
U.S.A., lighthouse engineer for the First and Second Lighthouse 
Districts, in New England, he was in charge of surveys of Govern- 
ment property and of experiments to improve the fog signal service, 
and prepared a report for the Lighthouse Board on various types of 
signals. He began as second assistant surveyor but was soon 
promoted to first assistant surveyor. It may have been this early 
experience which made him an enthusiastic sailor and yachtsman. 
He studied naval architecture as a pastime, took great interest in 
cruiser races, and won for himself some forty cups in three years with 
a boat which he remodeled. He was commodore of the New York 
Athletic Club. 

In 1894 Mr. Wallace went to Springfield, Mass., to take patent 
examinations. He stayed with friends in Holyoke, saw the paper 
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mills there, and decided that he wished to work in that industry. He 
succeeded in securing a job with A. B. Tower & Co., his first assign- 
ment being the design of an acid system for a 50-ton sulphite mill. 
Having no knowledge of the requirements, he visited the Burgess 
Sulphite Mills at Berlin, N.H., obtained the necessary information, 
and was able to complete the assignment to the satisfaction of Mr. 
Tower. He worked as draftsman and afterwards as resident engineer 
on the construction of paper and pulp mills until the fall of 1897, 
when he and Mr. Tower formed the partnership of Tower and Wallace, 
mill and hydraulic engineers, New York. This association continued 
until the first of February, 1901, during which time the firm designed 
and constructed many mills in New England, New York, the Middle 
West, and Canada. The office and drafting room were under the 
supervision of Mr. Wallace, who also took part in some of the outside 
work. The driving of a paper machine with a variable-speed twin 
engine with cranks quartering was applied by him in 1898 to a mill for 
the Peninsula Paper Company at Ypsilanti, Mich., and the idea was 
patented by the company, although Mr. Wallace later found it had 
previously been applied in a mill in England as well as one in the 
United States. Also in 1898 he put in a reinforced-concrete floor for 
the Uncas Paper Company at Norwich, Conn., which he believed to 
be the first ever installed for a paper mill. One of the largest assign- 
ments of the firm was a paper mill with a 90-ton daily capacity, a 
135-ton sulphite pulp mill, and a 70-ton soda pulp mill for the Oxford 
Paper Company at Rumford Falls, Me., this plant costing upward 
of one and a half million dollars. 

In 1901 Mr. Wallace sold out his interest to Mr. Tower and opened 
an office in New York as mill architect and hydraulic engineer. The 
design and construction of a ground-wood pulp mill, with a daily 
capacity of 120 tons and a water power development of 15,000 horse- 
power for the Spanish River Pulp & Paper Co., in Ontario, gave him 
sufficient capital to form the firm of Joseph H. Wallace & Co. He 
built a number of mills in Canada, New Hampshire, New York, and 
Michigan in those early days of the company, and served with A. N. 
Burbank, treasurer of the International Paper Company, and Frank 
C. Trowbridge, president of The Black-Clawson Company, as a 
board of appraisers in connection with the consolidation of a large 
number of board paper mills, leading to the formation of the United 
Board & Paper Co. 

At this time, also, he was participating in experiments in the manu- 
facture of paper from cornstalks and sugar cane. With Dr. Viggo 
Drewson, an eminent chemist who had shown that the pith could 
be separated from the shell of cornstalks by a chemical process, and 
Joseph Warren, of S. D. Warren & Co., he conducted tests leading to 
the manufacture at the Warren mills at Cumberland, Me., of both 
book and coated papers. Papers made from Louisiana sugar cane 
exhibited at the Louisiana Exposition at St. Louis in 1904 by Wallace 
& Co. won a gold medal. 

In 1903 Mr. Wallace was introduced to George Hitchen and Alex- 
ander MclIvor, of the Wall Paper Manufacturers, Ltd., of Darwen, 
England, who were inspecting paper mills in the United States. He 
was asked to design improvements in the Darwen mill and went to 
England late in 1904. It was at Darwen that he found a paper machine 
which had been operating since 1870 with a twin engine of variable 
speed directly driving the back line, while another engine drove the 
pump line (at constant speed). He worked with Mr. Hitchen for a 
number of years, improving the Darwen mill and building a five- 
machine plant on the Thames River below London and operating it 
for three years. 

During the years following 1904 Mr. Wallace traveled back and 
forth between the United States and Europe, building mills on both 
sides of the Atlantic. He established an office in London, with James 
Sickman in charge, to take care of his European enterprises. He 
visited France, Germany, Norway, and Sweden, finding much that 
was new to him and, in turn, contributing many improvements to the 
mills and to the manufacture of paper in those countries. He learned 
of the use of Fenestra, a steel product, instead of wood, for window 
frames and sashes in mills, bought the rights, and introduced the use 
of Fenestra in mil! construction in the United States and Canada. 
At the North Wales Paper Company, at Flint, Wales, he was im- 
pressed by the vertical tower bleaching system, and later introduced 
it at the Greenhithe plant of the Wall Paper Manufacturers. This 
plant was entirely designed and equipped by Mr. Wallace and he 
operated it for more than a year after its completion. 

At Moss, in Norway, Mr. Wallace saw sulphate mills in operation 
for the first time. He met Carl P. Carlson, who was the outstanding 
figure in the development of sulphate mills there, and secured his 
services as associate in the design of the first southern sulphate mill 
in the United States, for the Roanoke Rapids (N.C.) Paper Manu- 
facturing Company. Mr. Wallace also built a paper mill and ground- 
wood pulp mill, a power station and concrete dam, and a board mill 
for this and other paper companies in Roanoke Rapids. 
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In 1906, when Mr. Wallace was in Savannah, Ga., buying lumber 
for mills he was to construct, he noticed the burning piles of refuse 
from the sawmills. He became intensely interested in the utilization 
of this refuse. In articles by Mr. Wallace published in the Paper 
Trade Journal in 1931 (issues of January 29—April 16, inclusive) 
and later reissued by The Black-Clawson Company in its Messenger, 
he wrote extensively of his years of research in this field, out of 
which came the commercial production of kraft paper from all 
varieties of southern pine. He promoted the Southern Paper 
Company, designed and built its plant at Moss Point, Miss., 
and acted as vice-president and general manager of this mill for its 
first three years of operation. 

Thoroughly convinced that the future of papermaking lay in the 
South, Mr. Wallace established laboratories near Stamford, Conn., 
and extended his research into the use of resinous pine wood for fine 
book and magazine papers. A miniature sulphate mill which was 
set up in the mill of the Southern Paper Company and run parallel 
to the big mill operations from 1913 to 1916, was moved to the Stam- 
ford laboratory in that year and was used during the World War in 
connection with tests for the Ordnance Department of the United 
States Army, with respect to fiber for explosives. Extensive experi- 
ments were conducted into the possibility of pine pulp from the South 
as a substitute for cotton linters and hull fiber. 

In March, 1918, Mr. Wallace was appointed consulting engineer 
for explosives and was assigned to the design of Area E, at Nitro, 
W.Va., where the Government was to build a large smokeless- 
powder plant. The function of Area E was to receive raw ma- 
terial in the form of cotton linters and hull fiber and deliver it as 
bleached purified fiber to the Nitrating Department. Under the 
direction of Mr. Wallace three soda pulp mills, each with a daily 
capacity of 80 tons of bleached pulp, were completed by Armistice Day. 

Mr. Wallace closed his London office early in the War, and from 
1919 to 1925 gave much of his time to the development of processes 
for the profitable extraction of turpentine, rosin, and pine oil from 
southern pine in preparing a uniform raw material from these woods 
for the manufacture of high quality paper. His work in this direction 
represented a very important contribution to the industry. 

From 1925 to 1930 Mr. Wallace was engaged in the manufacture of 
glassine paper, first as president of the Westfield River Paper Com- 
pany, Russell, Mass., and subsequently as president of the Deerfield 
Glassine Company, Monroe Bridge, Mass. His work for The Black- 
Clawson Company since then related to the manufacture and sale 
of their complete line of paper and pulp mill machinery. 

Mr. Wallace was the author of a book on ‘‘Pulp, Paper, and Power,” 
published in 1909, and of many papers on pulp and paper manufac- 
ture. He also held numerous patents in this field. He became an 
associate-member of the A.S.M.E. in 1897 and a member four years 
later. He also belonged to the American Society of Civil Engineers, 
the Engineering Institute of Canada, and the Technical Association 
of the Pulp and Paper Industry, as well as to a number of other 
societies and organizations. Aside from his professional attainments 
he will be remembered for his broad interests, ranging from the fine 
points of cooking to boating, painting, and horticulture. He was a 
particularly joyous companion. 

Mr. Wallace is survived by his widow, Mrs. Bernice (Read) Wal- 
lace, formerly of Petersburg, Ind., whom he married in 1927, and 
by his daughter by a previous marriage, Mrs. Jean (Wallace) Irving. 
His first marriage, in 1893, was to Clara H. Gunderson, of Worcester. 
He also left one sister, Miss Cora Wallace, of East Hartford, Conn. 


EDWARD WESTON (1850-1936) 


Dr. Edward Weston, inventor, scientist, and manufacturer of the 
electrical instruments bearing his name, died at his home in Mont- 
clair, N.J., on August 20, 1936. 

Born at Brynn Castle, near Oswestry, Shropshire, England, on 
May 9, 1850, the son of Edward and Margaret (Jones) Weston, he 
was educated in the common schools of England and St. Peter’s 
Collegiate Institute in Wolverhampton, and at an early age showed 
great interest in and aptitude for scientific matters. 

His education along medical lines stimulated his interest in 
ras and his first experiments were in the electrometallurgical 

eld. 

As a young man recognizing the great opportunities in America, 
he left England and came to New York in May, 1870. After a short 
time spent in connection with chemical work, he became associated 
with the American Nickel Plating Company and later entered this 
business himself. His work in electroplating was of marked com- 
mercial significance and led him to a study of the sources of electrical 
energy available for plating, which interest led him naturally into a 
study of replacement of the primary battery by some other source 
of energy. 
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In a very short time he had made certain improvements in connec- 
tion with the dynamoelectric machines and increased their efficiency 
to such an extent that he entered the field of manufacturing these 
machines, first for electroplating, and later for electric lighting. This 
factory was located in Newark, N.J., to which place he had removed 
in about the year 1875. 

His study in connection with the dynamoelectric machine led to 
the securing of many important patents in connection with the con- 
struction of dynamoelectric machines, control devices, ete. His 
work in this field was characterized by a scientific approach and by 
care and precision unique in that day. 

His study and manufacture of dynamoelectric machines directed 
his attention to the distribution and utilization of electrical energy 
for lighting, and he became a deep student of problems touching both 
incandescent and arc lights. 

For a time he was engaged in the manufacture of various types of 
incandescent lamps and developed a technique which was of great 
importance in the advancement of the electric light industry. 

Dr. Weston was not only a prolific inventor, securing more than 
three hundred United States patents, but he was an extremely clever 
and ingenious practical machinist, and was interested in all phases of 
research, invention, manufacture, and distribution. It was character- 
istic of his discoveries and inventions that they came very quickly 
into general use; Dr. Weston himself inventing the machines to 
manufacture his inventions and himself following through the prob- 
lems of production and distribution. 

All of the work that Dr. Weston did showed the necessity for elec- 
tric measuring instruments of the highest precision, and commercial 
instruments of precision and rugged construction, and probably his 
greatest contribution to science and industry was the development 
of these electric measuring instruments and the Weston Standard 
Cell for which he is internationally famous. 

The later years of his life were given over to independent scientific 
study and research and to the development of the electrical measuring 
instruments field, he being the largest producer of such instruments 
in the world. Wherever electricity is used, the name of Weston is 
known. 

Dr. Weston was one of the founders of the American Institute of 
Electrical Engineers and the president of that institute in 1888. He 
had been a member of the A.S.M.E. since 1882, and was also a mem- 
ber of many other domestic and foreign technical societies, among 
which were the Electrochemical Society, the American Physical 
Society, the American Chemical Society, The Franklin Institute, and 
the National Electric Light Association (now the Edison Electric 
Institute). 

He was, particularly in later years, very much interested in educa- 
tion, serving for many years on the Board of Trustees of the Stevens 
Institute of Technology and being the founder of the Newark Tech- 
nical School which has lately developed into the Newark College of 
Engineering. 

Dr. Weston was honored by the degree of LL.D. from McGill 
University in 1903, and the degree of Sc.D. from Stevens Institute 
of Technology in 1904 and from Princeton University in 1910. 

He received many certificates and medals from various expositions 
in this and in foreign countries, and honors and awards in the elec- 
trical and allied fields came to him in great numbers. Many learned 
societies recognized his contribution to science. 

He was recipient of the Elliott Cresson medal, awarded by The 
Franklin Institute in December, 1910, ‘‘for brilliant and successful 
research in the field of electrical discovery.” 

He was awarded the Perkin medal by the Society of Chemical 
Industry for his work in applied chemistry on January 22, 1915. 
He was recipient of the Franklin medal in 1924, and the 1932 Lamme 
medal of the American Institute of Electrical Engineers. 

Dr. Weston was one of the first of the inventors to appreciate the 
importance of the scientific method of approach as relating to inven- 
tion, and, perhaps more than any other individual inventor of this 
period, was actuated by the same general principles as characterize 
our modern research. 

He was a man who cared nothing for advertisement, but whose 
contributions to science and industry were not only fundamental but 
far-reaching and long-lived—[{Memorial prepared by ALLAN R. 
Newark, N.J. Mem. A.S.M.E.] 


WILLIAM RUSSELL FRANKLIN WHELAN (1876-1934) 


William Russell Franklin Whelan, a member of the A.S.M.E. since 
1915, died of heart disease in the Philadelphia (Pa.) General Hospital 
on September 8, 1934. Mr. Whelan was born in Boston, Mass., on 
August 9, 1876, and attended school there. After leaving high school 
he served a year’s apprenticeship with the Braman Dow Company, 
Boston, and worked until 1898 on power plant installation and equip- 
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ment for the same company. From then until 1903 he was assistant 
operating engineer in the steam power and refrigerating departments 
of the Souther Brewing Company, Boston. He designed and in- 
stalled a new system for the lubrication of the ammonia compressor 
piston rod of a De La Vergne ‘‘dry system" machine and designed and 
installed a vacuum system for heating water with exhaust steam. 

From 1903 to 1912 Mr. Whelan was chief engineer for the estate 
of E. D. Jordan, Boston, in charge of all mechanical work in several 
plants operated by the estate. He designed and supervised the 
reorganization of the entire steam, hydraulic, and electric systems of 
one of these plants, including setting and piping of three 175-hp re- 
turn tubular boilers. 

Mr. Whelan left Boston in 1912 to become chief engineer for the 
International Paper Company, at Palmer, N.Y. He remained with 
the company for nearly ten years, his work including the design and 
installation of considerable new equipment and also of new systems, 
the making of exhaustive boiler trials and paper machine dryer tests, 
in order to improve practice, and other research work. For some 
years he was inspector of steam plants for the company. 

The remainder of his professional experience was with the Crane 
Company, most of the time as engineer with the Philadelphia 
branch of the company. 


THOMAS BYRD WHITTED (1876-1935) 


Thomas Byrd Whitted, who died in New York, N.Y., on June 28, 
1935, from a heart attack, was born in Rockingham County, North 
Carolina, on July 9, 1876, son of Thomas Byrd and Isabella (Scott) 
Whitted. 

He received his early education at the Davis Military School, and 
completed it at the U.S. Military Academy, West Point. Resigning 
from the Army, he went with the Research Department of the General 
Electric Company in Schenectady, N.Y., in 1898, and two years later 
was transferred to the Denver office as district engineer. From 1902 
to 1904 he was chief engineer of the U.S. Light & Traction Co., 
Denver. In 1904 he went with the Westinghouse Machine Company 
as manager of the office at St. Louis, Mo., remaining there until 1908, 
when he returned to his native state to engage in the sale of machinery, 
construction of steam and hydraulic plants, etec., establishing his 
office in Charlotte, N.C. He was still in this business at the time of 
his death, maintaining an office in New York, where he had spent 
most of his time during the latter part of his life. 

He was widely known in machine and engineering circles, handling 
numerous projects in this country and in some instances abroad, in- 
cluding negotiations for the sale of the hydro-equipment to the 
Russian Government for the Dnieper River installation, which was 
recently put in service. 

Colonel Whitted never entirely lost his contact with his first love, 
and throughout his life maintained a great deal of interest in all 
military matters. After leaving West Point he was, while a resident 
of the State of New York, an officer of the New York National Guard. 
Later, while in the West, he was a member of the Colorado National 
Guard, and on his return to North Carolina in 1908 he was engineer 
officer of the North Carolina National Guard for some years, and 
later colonel acting on Governor Craig's staff. 

He was commissioned in the Officers Reserve Corps, U.S. Army, 
in June, 1917. He applied for duty on declaration of war, and was 
assigned to active duty on May 8, 1917. He was ordered to France in 
the summer of 1917 as captain in the Engineer Section, Office of 
Chief Engineer, A.E.F., and assigned to the staff of General Dawes, 
in charge of purchases and supplies. He was later promoted to major, 
and was assigned to active duty on the front with French troops. 
He was instructed to return to this country with other officers to 
train combatant troops for the Engineer Division. He was promoted 
to lieutenant-colonel, and was training troops at Fort Humphreys 
when the Armistice was signed. He retired from active service on 
November 29, 19i8, and remained until his death a major in the 
Engineer Section. 

Colonel Whitted received through the War Department of the 
U.S. Army notice of his being cited by the French government and 
decorated for the excellence of his work as an officer of the Corps 
of Engineers, U.S. Army, in France during the World War. The 
citation certificate is of the Order of University Palms, carrying with 
it the decoration of Silver Palms, ‘‘Officier d’academie”’ and silver 


palms. 

Colonal Whitted is survived by his widow, the former Annie 
Cornelia Tate, of Charlotte, N.C., whom he married in 1901, a 
son, Captain Thomas Byrd Whitted, Jr., of the U.S. Army, a daugh- 
ter, Margaret Overman Whitted (Mrs. T. E. Efird), of Charlotte, 
N.C., his mother, and also a brother, Commander W. S. Whitted, 
U.S.N.(Retired). 

Colonal Whitted became a junior member of the A.S.M.E. in 
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He was 
also a member of the American Society of Military Engineers and 


1900, and associate-member in 1903, and a member in 1909. 


the Veterans of the World War. He was a Mason and a Shriner; 4 
member of the Manufacturers Club and the Charlotte Country Club 
of Charlotte, N.C.; and of the Engineers’ Club, the Bankers Club, 
and the Wingedfoot Country Club of New York.—f{Memorial pre- 
pared by Wenpet W. Cuiinepinst, New York, N.Y. Mem. A.S.M.E.} 


FRANCIS P. WILSON (1868-1932) 


Francis P. Wilson, chief operating engineer of the Illinois Main- 
tenance Company, Chicago, IIl., died on September 5, 1932. 

Mr. Wilson was born on July 19, 1868, at London, Ontario, Canada. 
He supplemented his early education with courses through the In- 
ternational Correspondence Schools. Prior to his association with 
the Illinois Maintenance Company he spent a year each with the 
Canadian Pacific Railroad Company and the Chicago Water Works, 
in construction work, five years as a marine engineer on inland waters, 
holding a chief engineer's license, and ten years as assistant operating 
engineer for the Union Traction Company. 

Mr. Wilson became assistant chief engineer of the Illinois Main- 
tenance Company in 1908 and chief operating engineer in 1918. He 
had complete charge of the operation of a large number of steam 
generating plants which form the central station steam heating and 


power system of the Illinois Maintenance Company, a subsidiary of _ 


the Commonwealth Edison Company. 
Mr. Wilson became a member of the A.S.M.E. in 1923. 


JULIAN ERNEST WOODWELL (1874-1935) 


Jutian Ernest Woodwell, who had been engaged in the practice of 
consulting engineering at New York, N.Y., for 27 years at the time 
of his death in that city on October 23, 1935, was a native of Maine 
He was born at Wells on January 7, 1874, and prepared for college 
at the high schools of Sandwich and Newburyport, Mass. In 1896, 
he was graduated from the mechanical engineering course at the Mas- 
sachusetts Institute of Technology with the degree of 8.B. 

Mr. Woodwell was resident engineer at Washington, D.C., for 
S. H. Woodbridge, a consulting engineer of Boston, Mass., and super- 
vised improvements in the heating and ventilating system of the 
Capitol in 1896 and 1897. The following year was spent in office work 
relating to the design of boiler plants and heating and ventilating 
systems which were installed in schools and other buildings in the 
vicinity of Boston. 

Early in 1898, Mr. Woodwell left the employ of Mr. Woodbridge 
to accept a position in the U.S. Treasury Department, where he had 
jurisdiction over the operation of all Federal buildings throughout the 
United States for slightly more than a year. In that capacity, he 
designed isolated electric light and power plants for the post offices 
at Baltimore, Md., Pittsburgh, Pa., and Louisville, Ky., and prepared 
plans and specifications for their installation and the complete re- 
wiring of these buildings for electricity. From 1899 to 1908, Mr. 
Woodwell was inspector of electric light plants in all public buildings 
under the control of the Treasury Department, his duties correspond- 
ing to those of a chief engineer in the purchase of fuel, light, water, 
and supplies and the control of between 400 an 500 operating eng:- 
neers and their assistants. In this ten-year period, the approximate 
number of buildings under his supervision increased from 400 to L0U0 
In this connection, he designed complete electric light and power 
plants for the Federal Building at Philadelphia, Pa., the post offices 
at New Orleans, La., St. Louis, Mo., and Cincinnati, Ohio, and the 
Appraisers’ Stores in New York, N.Y., and supervised the installs- 
tions as well as complete or partial rewiring of these buildings. He 
also designed additions to the power plants in the post offices at New 
York and Boston, which included new units and switchboards, and 
prepared plans and specifications for a complete rewiring of the Treas 
ury Department Building, Washington, D.C. All of these installs- 
tions were made under his direction. While at Washington, Mr. 
Woodwell also designed and supervised the installation of a complete 
central heating, lighting, and power plant to serve the Patent Office, 
Pension, and General Land Office Buildings; and designed and pre- 
pared plans and specifications for an electric light and power plant 
and the lighting system for the National Museum, one unusual feature 
of this last being the use of lead-covered cable installed in a tile duct 
adjacent to the footing walls and in accessible tunnels for horizont: 
runs of the principal feeders to the various distribution panels. Ia 
1905 and 1906, he was associate consulting engineer for the Onondags 
Country Court House, Syracuse, N.Y., and designed the hydraulic 
elevator plant, a 300-kw electric light and power plant, and the elec- 
tric wiring and fixture equipment of the building. 

In June, 1908, Mr. Woodwell resigned his Government positio® 
and formed a partnership with L. B. Marks to practice consulting 
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engineering in New York. The firm was commissioned by McKim, 
Mead & White to prepare plans and specifications for and supervise 
the installation of the complete mechanical and electrical equipment, 
including forced hot-water heating system, ventilating equipment, 
electric power and light wiring, elevator equipment, and clock, tele- 
phone, fire-alarm, and illumination systems, for the new post office 
at New York. The execution of this commission required four years 
(1909-1913). In connection with the work at the post office, Mr. 
Woodwell designed, prepared plans and specifications for, and super- 
vised the installation of a complete mail-handling system between 
the post office and the platforms in the adjacent station of the Penn- 
sylvania Railroad. This system, which was the first of its kind in 
the United States, uses spiral chutes, parabolic slides, and horizontal 
transfer belts to bring mail in large tonnages from the floor of the 
post office directly to the mail-car doors. Incoming mail is handled 
in a specially designed bucket lift. Between 1911 and 1914, Mr. 
Woodwell was in charge of the installation of wiring systems for the 
Congressional Library and the State, War, and Navy Building in 
Washington, and the complete mechanical and electrical equipment 


for the Army and Navy and University clubs of Washington and 
the Chemists’ Club, New York. 

In 1915, Mr. Woodwell withdrew from the partnership with Mr. 
Marks and engaged in independent practice. This work included 
the design of forced hot-water heating systems, building construction, 
power plant design, and a 12-year engagement as consulting engineer 
for the city of Lansing, Mich., in the development and construction 
of municipal steam-heating and electric light and power projects. 
Mr. Woodwell was retained by the State of Pennsylvania at various 
intervals from 1914 to 1932 in connection with engineering work for 
the State Hospitals at Warren, Polk, Harrisburg, and Allentown. 
During this same period he was also retained by Sidney Blumenthal, 
Inc., in connection with their several industries. 

In addition to the A.S.M.E., of which he became a junior member 
in 1900 and a member in 1908, Mr. Woodwell belonged to the Ameri- 
can Institute of Electrical Engineers, [lluminating Engineering 
Society, American Society for Testing Materials, and Michigan Engi- 
neering Society. 

Mr. Woodwell is survived by his widow and two sons. 
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Indexes to A.S.M.E. Papers and Publications 


HE following pages will serve as a guide to the current 

publications of the A.S.M.E. during the calendar year 
1937, and also to publications developed by the technical com- 
mittees. The publications of the Society may be classified in 
two general groups, regular and special, as follows: , 


REGULAR SOCIETY PUBLICATIONS, 1937 


Mechanical Engineering, monthly (see index on pages RI-101-113) 
A.S.M.E. Transactions, monthly (see index on pages RI-115-127) 
Mechanical Catalog, 1937-1938 edition. 


SPECIAL PUBLICATIONS ISSUED IN 1937 


1936 Oil Engine Power Cost Report 

Hydraulic Structures, published September, 1937 

1936 Proceedings of Graphic Arts Technical Conference, pub- 
lished May, 1937 

Biography of James Hartness by Joseph W. Roe, published 
July, 1937 


Standards 


Machine Tapers, approved March, 1937, published March, 1937 

Adjustable Adapters, approved December, 1937, published 
December, 1937 

Large Rivets ('/, inch diameter and larger), approved March, 
1937, published March, 1937 

Addendum to Cast-Iron Long Turn Sprinkler Fittings, approved 
December, 1937, published December, 1937 


Power Test Codes 


Instruments and Apparatus, Part 15, Measurement of Surface 
Areas, approved July, 1935, published March, 1937 


Safety 
Safety Code for Elevators (revision) approved July, 1937, pub- 
lished September, 1937 


Elevator Inspectors’ Manual, approved July, 1937, published 
September, 1937 


Boiler Code 


A.S.M.E. Unfired Pressure Vessel Code, published September, 
1937 

Power Boiler Code, including Material Specifications, published, 
December, 1937 


Research 


Report of the Joint AGA-ASME Committee on Orifice Coeffi- 
cients (reprint of 1935 report) 

Fluid Meters—Part 1, Their Theory and Application (Fourth 
Edition) published August, 1937 

Supplement to Bibliography on Management Literature (1931- 
1935), published July, 1937 


Papers Presented at A.S.M.E. Meetings, 1937 


The complete technical programs of the meetings of the 
Society and of its Professional Divisions have been published in 
Mechanical Engineering and may be located by consulting the 
index on pages RI-101-113. A considerable number of papers 


and reports included in these programs were not published during 
the year in either Transactions or Mechanical Engineering, but 
were issued in mimeographed or photo-offset form. Complete 
sets of these are on file for reference purposes at the office of the 
Society and the Engineering Societies Library, under the title of 
“Miscellaneous Papers Presented at A.S.M.E. Meetings, 1937.” 
Photostatic copies of any of the papers may be secured from the 
Library at regular rates. A list of these papers and reports 
follows. 


Miscellaneous Papers Presented at 


A.S.M.E. Meetings, 1937 


Baker, Howarp, Impression Lead and Electrotype Foil—Their 
Manufacture and Use by the Electrotyper 

Boas, R. H., Rehabilitation of Station No. 3 Rochester Gas & Elec- 
tric Corp., Rochester, N. Y. 

Bouter, E. R., Nitric-Acid Etching of Photoengravers’ Zinc 

Bonnet, F., The Manufacture and Uses of Cut Rayon Staple 

Boyer, GLENN C., Waste-Heat Recovery From Diesel Engines 

BristTou, E. S., AND Peters, J. C., Some Fundamental Considerations 
in the Application of Automatic Control to Continuous Processes 

CARPENTER, Lewis V., Mechanical Engineering in Sanitation 

CHANDLER, J. S., Penn State Method of Diesel-Fuel Testing 

Duer, J. V. B., Place of Railroads in Modern Transportation 

E. L., Quick-Drying Inks 

Dunn, J. C., Progress and Problems in Printing Rollers 

EpsTEIN, SAMUEL, Constitution and Properties of Type Metals 

Ex Paut G., Pressure-Responsive Elements 

Feuse, Photogelatin Color Printing 

FINKELDEY, W. H., Sheet Zinc for Photoengraving 

FREEDMAN, EpHraim, The History of Rayon in the Retail Field 

HINKLE, G. W., Stainless Steels and Their Application in the Textile 
and Rayon Industries 

Hotser, E. F., Industrial Heating and Process Furnaces 

Husner, W. H., anp Eatorr, Gustav, A Study of Diesel Fuels 

Isaacson, A. M., An Investigation of Wood Sanding with Abrasive 
Belts 

KantrowitTz, M. S., anp Stmmons, R. H., The Technical Status of 
Permanence and Durability of Paper 

KercuamM, Howarp, Color Comes of Age 

Lewis, L. L., Air Conditioning for Textile Plants Making and Using 
Synthetic Yarns 

Livineston, L. F., Processing Engineering in Agriculture 

Lunp, N. B., Industrial Experience as Applied to Sanitation 

MacArruur, CHARLES, Rapid-Drying Inks on Web-Fed Papers 

McGakr, B. H., Sheet Brass for Photoengraving and Etching 

Meyer, F. H., Economical Application of Lumber Lifts 

Passano, W. M., Employer-Employee Relations—Wages 

Report on Oil-Engine Power Cost for 1936 

ScuHwarz, H., WINKLER, J. Homer, Heat-Treated Elec- 
trotypes 

Smiru, LyBranp P., Cavitation on Marine Propellers (Additional data 
for) paper published in July, 1937, Transactions of the A.S.M.E.) 

SpENCER, Ernest W., The Technical Qualifications of Photoengrav- 
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RI-98 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
5, Pyrometric Cones; Chapter 6, Liquid-in-Glass Thermome- 
Publications Developed by the Technical ters; and Chapter 7, Bourdon Tube Thermometers (1931), $0.75 3 
Committees Part 3—Temperature Measurement; Chapter 2, Radiation Pyrome- 
ters (1936), $0.55 
HE Society’s technical committees, the first of which was Part 3—Temperature Measurement; Chapter 8, Optical Pyrome- 


ters (1933), $0.35 
Part 4—Head Measuring Apparatus (1933), $0.35 
Part 6—Electrical Measurements (1934), $1.25 


organized many years ago and all of which have been continu- 
ously at work on codes, standards, research, and other special 


reports, have developed a series of publications of permanent Part 9—Heat of Combustion (1932), $0.40 

value to the membership. The following list is first presented Part 10—Flue and Exhaust Gas Analyses (1936), $1.35 
here for record and for ready reference. This list covers the en- Part 11—Determination of Quality of Steam (1931), $0.45 ‘ 
Part 12—Measurement of Time (1932), $0.35 
tire group of publications of these committees completed to date Part 13—Speed Measurements (1930), $0.45 
which are now available. Part 14—Linear Measurements (1936), $0.55 ; 
To assist the members in securing copies of these publications $0.75 4 
the sale price is also eee It should be recalled, however, that Part 17- Dalaman of the Viscosity of Liquids (1931), $0.45 | ~ 
a discount of 20 per cent is allowed to members of the A.S.M.E. Part 18—Humidity Determinations (1932), $0.50 5 
on all pamphlet publications, except standards and the cases Part 20—Smoke-Density Determinations (1936), $0.65 4 
specially noted. Part 21—Leakage Measurement, Chapter 1, Condenser Leakage | 
Pest t; Chapter 2, Boiler and Pipi 
eee art 21—Leakage Measurement; Chapter 2, Boiler and Piping; j 
RESEARCH Chapter 3, Steam Engine Leakage (1932), $0.35 j 
Dynamic Loads on Gear Teeth (1932), $1.50 { 
Fluid Meters BOILER CODE : 


Part 2—Description of Meters (1931), $1.75 Power Boiler Code (1937) Including Materials Specifications, $2.50 


é 5 Locomotive Boiler Code (1935) with 1936 and 1937 Addenda, $0.55 4d 
Report of the AGA-ASME Commit on Gillies Costidante pat Boiler Code (1935) with 1936 and 1937 Ad- 
Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells Miniature Boiler Code (1935) with 1936 and 1937 Addenda, $0.50 


(1933), $0.85 Suggested Rules for Care of Power Boilers (1935), $0.70 
A.S.M.E. Unfired Pressure Vessel Code (1937), $0.75 
A.S.M.E. Boiler Construction Code, Combined Edition (1937 Edi- 

Bibliography on Cuttings of Metals (1866-1930), $1.25 Boiler Code Interpretation Sheets, $1.25 per set with binder. Single 
Bibliography on Deterioration of Condensing Equipment (1845- sheets, $0.15 

"1990), 31.25 Annual Subscription, $2.50 
Bibliography on Effect of Temperature Upon Properties of Metals F 

(1828-1931), $1.25 STANDARDS 
Bibliography on Management Literature and Supplement (1903- f 

1935), $2.75 MacuineE Suop Practice STANDARDS 


Bibliography on Mechanical Springs (1678-1927), $1.25 
Bibliography on Woods of the World (1928), $1.25 
Bibliography on Marketing Research (1935), $1.00 


Shafting and Stock Keys (B17.1—1934), $0.45 

Code for Design of Transmission Shafting (B17c—1927), $0.75 
Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.35 
Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), 


$0.50 
POWER TEST CODES American Standard Screw Threads for Bolts, Nuts, Machine Screws, 
Test CopEs FOR and Threaded Parts (B1.1—1935), $0.60 


Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1933) 


Atmospheric Water-Cooling Equipment (1930), $0.45 $0.50 
Centrifugal and Rotary Pumps (1928), $0.50 Slotted Head Proportions; Machine Screws, Cap Screws, and Wood 
Compressors and Exhausters (1935), $0.95 Screws (B18c—1930), $0.45 
Condensing Apparatus (revision in preparation) Track Bolts and Nuts (B18d—1930), $0.40 
Displacement Compressors and Blowers (revision in preparation) Round Unslotted Head Bolts, Carriage, Step, and Machine Bolts 
Evaporating Apparatus (1927), $0.50 (B18e—1928), $0.40 
Feedwater Heaters (1927), $0.35 Plow Bolts (B18f—1928), $0.35 
Gas Producers (1928), $0.55 Tinners’, Coopers’, and Belt Rivets (B18g—1928), $0.35 
Internal-Combustion Engines (1930), $0.55 Rotating Air Cylinders and Adapters (B5.5—1932), $0.35 : 
Liquid Fuels (1930), $0.35 Jig Bushings (B5.6—1935), $0.35 i 
Reciprocating Steam Engines (1935), $0.65 T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1927), ~ 
Reciprocating Steam-Driven Displacement Pumps (1927), $0.65 $0.35 E 
Refrigerating Systems (1927), $0.55 Tool Holder Shanks and Tool Post Openings (B5b—1929), $0.25 a 
Solid Fuels (1931), $0.55 Milling Cutters (B5c—1930), $0.75 Be 
Speed-Responsive Governors (1927), $0.45 Taps—Cut and Ground Threads (B5e—1930), $0.50 4 
Stationary Steam-Generating Units (1936), $0.60 Spur Gear Tooth Form (B6.1—1932), $0.45 2 
Steam Locomotives (1927), $0.55 Gear Materials and Blanks (B6.2—1933), $0.50 Oe 
Steam Turbines (1928), $0.55 Shaft Couplings (B49—1932), $0.35 x 
Hydraulic Prime Movers (revision in preparation) Drawings and Drafting Room Practice (Z14.1—1935), $0.50 : 
Small Rivets (B18a—1927), $0.30 3 
SuPpPLEMENTARY CoDEs AND PUBLICATIONS Socket Set Screws and Socket Head Cap Screws (B18.3—1936), 
$0.40 
Circular and Dovetail Forming Tool Blanks (B5.7—1936), $0.40 
wees Chucks and Chuck Jaws (B5.8—1936), $0.45 a 
Instruments and Apparatus— Lathe Spindle N. B5.9—1936), $0.50 S. 
Part 1—General Consideration (1935), $0.35 0. 3 


Part 2—Pressure Measurement; Chapter 1, Barometers, and Chap- 50 
ter 6, Tables, Multipliers and Standards (1929), $0.35 (BS $0.50 

Part 2—Pressure Measurement; Chapter 2, Static and Total 4 
Pressure, Static Holes and Tubes, Impact Tubes, and Chapter 3, ¥ 
Pipes for Pressure Measurement (1936), $0.65 PIPE AND FItTINGs 

Part 3—Temperature Measurement; Chapter 1,General; Chapter Wrought-Iron and Wrought-Steel Pipe (B36.10—1935), $0.50 
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SOCIETY RECORDS 


Code for Pressure Piping (no discount) (B31.1—1935), $1.00 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1931), $0.40 

Cast-Iron Pipe Flanges and Flanged Fittings for 125 Lb Maximum 
Saturated Steam Pressure (revision in preparation) 

Cast-Iron Pipe Flanges and Flanged Fittings for 250 Lb Maximum 
Saturated Steam Pressure (B16b—1928), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Maximum 
Hydraulic Pressure (B16b1—1931), $0.35 

Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (Bi6c—1927), $0.40 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1927), $0.35 

Steel Flanged Fittings and Companion Flanges for 150, 300, 400, 
600, 900, 1500 Lb Maximum Steam Service Pressure (B16e—1932), 
$0.65 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929), and Addendum (B16gl 
—1937), $0.50 

Scheme for the Identification of Piping Systems (A13—1928), $0.50 

Cast-Iron Soi! Pipe and Fittings (A40.1—1935), $0.65 

Pipe Plugs (B16e2—1936), $0.35 

Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.35 


LETTER AND GRAPHICAL SYMBOLS 


Symbols for Mechanics, Structural Engineering and Testing Materials 
(Z10a—1932), $0.25 

Symbols for Hydraulics (Z10b—1929), $0.35 

Symbols for Heat and Thermodynamics (Z10e—1931), $0.30 

Symbols for Photometry and Illumination (Z10d—1930), $0.20 

Aeronautical Symbols (Z10e—1929), $0.35 

Mathematical Symbols (Z10f—1928), $0.30 

Letter Symbols for Electrical Quantities (Z10g1—1929), $0.20 

Graphical Symbols for Electric Power and Wiring (Z10g2—1933), 
$0.20 

Graphical Symbols for Radio (Z10g3—1933), $0.20 

Graphical Symbols for Electrical Traction Including Railway Signal- 
ing (Z10g5—1933), $0.40 

Graphical Symbols for Telephone and Telegraph Use (Z10g6—1929), 
$0.20 

Symbols for Electrical Equipment of Buildings (C10—1924), $0.20 

Abbreviations for Scientific and Engineering Terms (Z10i—1932), 
$0.40 

Time Series Charts (Tentative Draft—1936), $1.00 

Engineering and Scientific Charts for Lantern Slides (Z15.1—1932), 
$0.50 

Graphical 
$0.45 


Symbols for Mechanical Engineering (Z14.2—1935), 
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MISCELLANEOUS STANDARDS 


Fire-Hose Coupling Thread for 21/2, 3, 3'/2, and 41/2 in. Connections 
(B26—1925), $0.25 

Production and Field Inspection of Fire-Hose Coupling Screw Thread 
(1925), $0.25 

Hose-Coupling Screw Threads for 1/2, 5/s, 3/4, 1, 11/4, 1'/2, and 2 in. 
Connections (B33.1—1935), $0.25 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1931), $0.35 


SAFETY 


Safety Code for Elevators (A17.1—1937) (no discount), $1.00 

Elevator Inspectors’ Manual (A17.2—1937) (no discount), $0.75 

Safety Code for Mechanical Power-Transmission Apparatus (no 
discount) (B15—1927), $0.35 


JOINT CODE 


API-ASME Code for Unfired Pressure Vessels for Petroleum Liquids 
and Gases (third edition in preparation), (no discount) $1.00 


Biographies 


IOGRAPHIES issued under the sponsorship of the A.S.M.E. 
Biography Advisory Committee are as follows: 


Life of Henry Laurence Gantt, by L. P. Alford (1934), $5.00 

Biography of John Stevens, by Archibald Douglas Turnbull (1928) 
$5.00 

Autobiography of John A. Brashear (1924), $5.00 

Biography of James Hartness, by Joseph W. Roe (1937), $4.00 

Biography of Robert Henry Thurston, by William F. Durand (1929), 
$5.00 

Biography of John Edson Sweet, by Dean A. W. Smith (1925), 
$4.50 


Books on Special Subjects 


Hydraulic Laboratory Practice (1929), $10.00 
Bulletin 3, Munich Hydraulic Institute (1935), $3.75 
Hydraulic Structures (1937), $18.00 

1936 Oil Engine Power Cost Report (1937), $1.00 
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